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Abstract
An antibody Fv fragm ent was cloned from hybridom a cells of a 
monoclonal antibody against against the steroid derivative estrone-3- 
glucuronide (E3G). The detection of this molecule is im portant in  a 
method for predicting fertility. The variable heavy and light chain genes 
were isolated and amplified and placed into a modified pUC 19 vector to 
allow expression of active protein. The im m unochem istry of the 
fragment was determined by ELISA, demonstrating that the fragment did 
bind E3G, that this binding was specific, the antibody fragment competed 
against the parent monoclonal antibody, and that the fragment could 
inh ib it b ind ing  of the m onoclonal antibody to an E3G-alkaline 
phosphotase conjugate. The expression of the fragment in E. coli was 
optimised in various media with levels of 4 mg.L"^ achieved.
The structure of E3G was probed in solution and in complex with the Fv 
fragment, utilising E3G with a fully labelled glucuronic acid moiety: 
estrone-[U-^^C]-glucuronide. Firstly in the in the solution structure 
studies by giving and assignments via a COSY and a
^^C HSQC, and secondly in the bound state by allowing the use of isotope 
editing techniques. In solution the glycan was found to exist in multiple 
conformations, w ith particularly large fluctuations about the glycosidic 
linkage \|/. The antibody selects a conformation from the free solution
w hich does not correspond to either of the two m inim um  energy 
conformations of the free glycan. The glucuronic acid moiety undergoes a 
stacking interaction w ith an aromatic ring in the binding site, and both
NOEs and ring current shifts are in good agreement w ith the predicted 
bound state conformation. The predicted bound state conformation is also 
in good agreement with preliminary X-ray data.
A hom ology m odelled pro tein  structure of the Fv was bu ilt and 
compared with the X-ray crystal structure.
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Chapter 1.
Introduction .
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1.1 Fertility Prediction.
The w ork in this thesis centres around the m olecule estrone-3- 
glucuronide (E3G) and the Fv fragment of a monoclonal antibody (mAb) 
raised against it. E3G (figure 1.1) is a metabolite of the female hormone 
estrone, and when levels of E3G are measured in urine, along with the 
levels of luetinising horm one (LH) and pregnanediol-3-glucuronide 
(P3G), these give an indication of the probability of fertility. Antibodies or 
antibody fragments are suitable molecules for detecting these compounds, 
as they bind w ith high specificity, and the am ount of antigen can be 
measured. A graph of the typical results are shown in figure 1.2, which 
shows how these measurements can used as a basis for fertility prediction.
CHg
iCOOH
HO
HO
OH
Figure 1.1 Structure of estrone-3-glucuronide showing glycosidic dihedral angles (]) (Hl-Cl* 
01-C3') and \]/ (Cl-01-C3'-C4').
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Figure 1.2 Graph showing level of hormones in urine as a basis for predicting fertility.
1.2 Antibodies
The recognition of a foreign antigen is the hallm ark of the immune 
response. Two distinct types of molecules are involved in this process - 
the immunoglobulins and the T cell antigen receptor. Immunoglobulins, 
or antibodies, are a group of glycoproteins present in the serum and tissue 
fluids of all mammals. They are produced in large amounts by plasma 
cells w hich have developed from precursor B lym phocytes. Such 
lym phocytes carry m em brane bound im m unoglobulins of the same 
specificity of the plasma cell. Contact between these B lymphocytes and 
foreign antigen are required for the induction of antibody formation.
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1.2.1 Immunoglobulin G
There are five distinct classes of immunoglobulins recognised in most 
mammals: IgG, IgA, IgM, IgD and IgE, these differ in size, charge, amino 
acid com position and carbohydrate content. Since the m onoclonal 
an tibody from  w hich the Fv fragm ent w as cloned is an IgG 
immunoglobulin, this will be the only class discussed in any detail. IgG is 
the major immunoglobulin in humans, it accounts for 70-75 % of total 
im m unoglobulins in serum . IgG is a m onom eric pro tein  w ith  a 
molecular weight of 146 kDa, although the IgG3 subclass is slightly larger. 
The IgG class is the main antibody of the immune response.
1.2.2 IgG Structure
The IgG structure is represented schematically in figure 1.3. The IgG 
consists of four polypeptide chains: two identical heavy chains w ith a 
molecular weight of 50-77 kDa; and two identical light chains of 25 kDa 
molecular weight. The polypeptide chains are held together w ith both 
covalent and non-covaient bonding. As shown in figure 1.3. There are 
disulphide bonds between each of the heavy chains and its adjacent light 
chain, and between the two heavy chains. The amino end of both heavy 
and light chains is characterised by sequence variability, these are referred 
to as Vj^ and regions respectively. The constant (C) portion of the light 
chain is termed the region. The constant portion of the heavy chain is 
further subdivided into three structurally discrete regions: C y l, Cj^2, Cy3. 
These subdivided regions which appear globular are called domains, and 
are further stabilised by intrachain disulphide bonds. The sites at which 
antibodies bind antigen are located in the variable region. The hinge 
region is a segment of the heavy chain located between the Cp^l and Cj^2 
domains. The flexibility this provides allows the two antigen binding sites
21
to operate independently. The Cj_j2 region is where the IgG is glycosylated.
V,
- disulphide bond
hinge region
V t Vt Cl
H V h  Ch I
carbohydrate
Ch 3
Fv Fab Fc
V
CDRl CDR2 CDR3I I I <----- an
-------- -------- --------- -□B
FRl FR2 FR3 FR4
Fv scFv
Figure 1.3 Schematic representation of Immunoglobulin G, and Fv, scFv and Fab and Fc
antibody fragments, also showing CDR and FR regions.
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1.2.3 Structure in Relation to Function.
Digestion of the IgG protein with the proteases papain and pepsin gave 
im portan t inform ation on struc tu re /func tion  relationships. Papain 
digestion releases two identical Fab fragments and an Fc fragment (figure 
1.3). Fc fragm ents have several functions including  b ind ing  to 
mononuclear cells, platelets, K cells and staphylococcus aureus protein A. 
The Fab fragment can be further reduced to fragments containing only the 
variable heavy and light chain domains (Fv fragment). These fragments 
are stable and bind to the antigen, as described in the next section all the 
antigen binding sites are in the variable regions of the antibody.
1.2.4 Structure in Relation to Antigen Binding.
W hen the primary amino acid structure of a large num ber of heavy and 
light chain were examined, it was found that the variability in these 
regions is not distributed evenly throughout these domains. Certain short 
segment of the variable domain show exceptional variability, these are 
known as hypervariable regions or complimentary determining regions 
(CDRs), as these are the areas directly involved in antigen binding. The 
intervening regions which show a much reduced degree of variability are 
known as the framework regions (FR). For both the light and heavy 
variable regions there are three complimentary determ ining regions 
(CDR1-CDR3) and four framework regions (FR1-FR4) (figure 1.3).
1.2.5 Monoclonal Antibodies
Antibodies produced from a single cell are homogeneous. However 
antibody m olecules having  a comm on specificity are norm ally 
heterogeneous because they are the product of many antibody-producing 
cells, that is to say, the response to the antigen is polyclonal. This
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heterogeneity was a serious impediment to elucidating the molecular 
basis of antibody action. This hurdle was overcome by taking advantage of 
multiple myeloma, a malignant disorder of antibody-producing cells. In 
this cancer a single transform ed lymphocyte or plasma cell divides 
uncontrollably, consequently a large number of cells of a single type are 
produced. They are a clone and have identical properties. Large amounts 
of im m unoglobulin of a single type are excreted by these tum ours. 
Myeloma immunoglobulins have a normal structure and are typical of 
norm al immunoglobulins, but they are homogeneous. Myelomas also 
occur in mice, these tumours can be transplanted to other mice, where 
they proliferate. Furtherm ore, these antibody producing  tum ours 
synthesise the same kind of homogeneous antibody generation after 
generation.
Myeloma im m unoglobulins are advantageous in being homogeneous 
but their corresponding antibodies are usually not known. In 1975, Kohler 
and Milstein (1975) discovered that large am ounts of hom ogeneous 
antibody of nearly any desired specificity can be obtained by fusing an 
antibody producing cell with a myeloma cell. They are called hybridoma 
cells.
1.2.6 Enzyme Linked Immunosorbent Assay (ELISA)IELISA is a very sensitive technique for detecting antigens and antibodies, 
it is very economical in the use of reagents and a large number of tests can 
be performed in a relatively short time.
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1.3 Fv and Derived fragments.
As described previously Fv fragments are composed of the variable 
domains of both the heavy and light chains. The protein is stabilised by 
virtue of non-covaient interactions between the framework regions of 
two chains. With recombinant DNA technology, cloning of the genes for 
these variable domains have led to these fragments being expressed in 
bacteria. The relatively small size of the Fv fragment allied w ith the use 
of bacterial expression allowing stable isotope labelling has m eant that 
elucidation of the three-dimensional solution structure of Fv fragments 
has been solvable, they are also easily crystallised so they are perfect 
molecules for studies of antibody-antigen interactions. Developments in 
the molecular biology techniques used in cloning and mutagenesis of 
wild type antibodies has led to several im portant developments in the 
scope and usefulness of antibody fragments.
1.3.1 Structure and Stability
Several methods have been used to stabilise the Fv fragment. The single­
chain Fv (scFv) fragm ent is an Fv fragment which is connected by a 
polypeptide linker between the carboxy terminus of the heavy chain and 
the amino terminus of the light chain. This linker was first used in aiding 
expression of Fab fragments (Bird et al. 1988). This chain is usually (Gly^ 
Ser)g, the glycine residues allowing flexibility, and the serine residues to 
provide solubility. The advantage of this linker is two-fold: it can allow a 
greater range of expression systems to be used; and gives greater stability 
to the Fv fragment, preventing dissociation of the two chains, that may 
occur during  some of the harsher conditions the fragm ent m ay 
experience during expression and purification. A recent publication
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investigated the properties of an Fv fragment compared to six scFv 
counterparts w ith different polypeptide linkers (Glockshuber et a l 1990). 
In some cases the affinity for the antigen was improved compared to the 
affinity of the Fv fragment, but decreased the Fv fragments susceptibility 
to proteolysis.
By introducing an inter-domain disulphide bond into the Fv fragment 
the two chains can be covalently linked again increasing stability of the Fv 
or scFv fragment. In one example the disulphide-scFv (ds-scFv) was 
show n to have similar binding properties as the scFv and enhanced 
thermal stability (Young et al. 1995). The scFv has also been useful when 
selecting specific antibodies on phage.
The basic antibody structure has been known since 1973, (Poljak et al. 
1973) when the first Fab structure was solved, but it was not until 1992 
(Harris et al. 1992) that the first three-dimensional structure of a complete 
antibody was solved. The structure of Fv fragments have also been 
solved: in 1993 a scFv fragment three-dimensional structure was solved 
by X-ray crystallography (Essig et al. 1993); NMR would provide useful 
information in understanding structures and dynamics of antibodies and 
antibody-antigen binding, although hampered by poor solubility and
short relaxation times, NMR techniques have been used to compare 
Fv and scFv structures (Freund et al. 1993) and an isolated domain has 
been assigned (Constantine et al. 1992). Some of the existing predictive 
models for antigen binding have been used to improve antigen binding 
(Reichmann et al. 1992) and to design an antibody de novo. (Essen and 
Skerra 1994)
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1.3.2. Expression of Antibody Fragments.
The expression of antibody fragments in E. coli brings the arsenal of gene 
technology techniques to antibodies. The fast growth of E. coli and its 
comparatively simple fermentation, makes large-scale ferm entation of 
antibody fragments relatively convenient. There are several different 
procedures for expressing antibody fragments, the following methods 
have all been used to produce antibody fragments in E. coli. and have 
been reviewed by Plückthun (1990). It should be noted that only the 
simultaneous secretion of both chains (or use of a secreted single chain 
fragment) gives the advantage of folding to the native, functional state.
(i) Direct cytoplasmic expression. The most direct approach is the 
expression of the antibody chains without signal sequence (Chaudhary et 
al. 1989). Usually inclusion bodies have been obtained w ith this approach, 
therefore the resulting polypeptides will be denatured and will have to be 
renatured in vitro.
(ii) Expression as cytoplasmic fusion protein. Cleavable fusion 
proteins w ith N-term inal fragments of highly expressed cytoplasmic 
proteins can be constructed. This strategy can be useful for the 
construction of variants that are very unstable in vivo.
(iii) Secreted fusion proteins. Another strategy that can be used to 
express antibody domains is to fuse them to another secreted protein. 
Both N-term inus and C-term inus fusions to antibodies have been 
constructed (Tai et al. 1990; Plückthun and Skerra 1989; and Holland et al. 
1990) The resulting protein is secreted to the periplasm, after partial lysis 
of the outer mem brane to the medium. This m ethod still requires 
development before being competitive as a general production method 
for antibody domains.
(iv) Functional expression by excretion. The simultaneous secretion
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of both chains of the antibody gives rise to native and functional antibody 
fragments. This was first developed for Fv (Skerra and Plückthun 1988) 
and Fab fragments (Plückthun and Skerra, 1989) by Plückthun and co­
workers (1988); and Better and co-workers (1988). The essence of this 
strategy is to reproduce in E. coli the normal normal folding and assembly 
pathway of antibodies w ithin the eukaryotic cell. In antibody producing 
cells the two chains are expressed separately as precursors w ith N- 
terminal signal sequences and separately transported to the lumen of the 
endoplasmic reticulum (ER). There the signal sequences are cleaved by a 
membrane-bound signal peptidase. In the lumen of the ER, folding of the 
proteins, disulphide bond formation and assembly of the light and heavy 
chain to complete the antibody take place (Wall et ah 1983). The crucial 
hypothesis in the design of the secretory expression system for antibody 
fragm ents was that protein transport to the periplasm  of E. coli is 
functionally equivalent to the transport of a protein to the lumen of the 
ER. A system was thus designed that directs both chains of the antigen 
binding fragment of the antibody to the periplasm of the same E. coli. The 
expression of antibody fragments was the first example, however, in 
which the assembly of a periplasmic heterodimer was required.
There are several crucial steps in the expression and secretion pathway 
that m ust occur correctly for the Fv or Fab fragm ent to assemble. (1) 
A pproxim ately stoichiom etric am ounts of bo th  chains m ust be 
synthesised, this was accomplished by having both genes under the 
control of the same artificial operon. (2) Both chains must be transported 
to the periplasm. (3) Both signal sequences must be cleaved at the correct 
position to yield the identical N-terminus, as in the original antibody 
molecule. (4) The folding to globular domains m ust then occur, (5) the
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intramolecular disulphide bonds must form, and (6) the two chains must 
assemble to form the required heterodimer.
There are several advantages to this secretory expression system: firstly it 
leads directly to an assembled function product w ith correctly formed 
disulphide bonds without the need to refold the protein in vitro; secondly 
the problem of protease degradation is diminished as there are fewer 
proteases in the periplasm than the cytoplasm. Protection is also achieved 
by the folding to globular domains, accompanied by the oxidation of the 
S-S-bonds in the periplasm. Since the exposure to the oxidising milieu of 
the periplasm  during the the folding process is necessary for the 
disulphide bonds to form, the secretion of both chains is an essential 
requirement. The expression rate m ust be commensurate with the rates 
for the transport, folding and assembly as protein will accumulate as 
insoluble material in either the periplasm or cytoplasm, therefore it is not 
necessarily useful to employ extremely strong prom oters. The lac 
prom oter/operator has been found to be useful.
The production of antibody fragments in E. coli shows a large variability 
of success, and may not be as straightforward as initially predicted. These 
problem s have m otivated m any laboratories to develop production 
system s in  alternative  m icroorganism s includ ing  Saccharomyces 
cervisiae, (Wood et al., 1985; Horwitz et ah, 1988) Pichia pastoris, (Ridder 
et al, 1995)Trichoderma reesei (Nyyssonen et al. 1993) and insect cells, (zu 
Putlitz et al. 1990) A lthough production levels of several hundred  
milligrams per litre have been reported using some of these host systems, 
E. coli is still the system of choice in most laboratories, probably because of 
the overall simplicity of the cloning work using this host. Instead,
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attem pts are being made to improve E. coli production strains by, for 
example, co-expressing chaperone proteins (Duenas et al. 1994) or by 
production as fusion proteins to facilitate recovery (Laukkanen et al., 
1994; Neri et al. ,1995).
Interesting data that explain the wide range of production levels in E. 
coli of different antibodies or antibody fragments are starting to emerge. 
The approach has been, where possible, to utilise protein engineering to 
convert an antibody that shows a low production level into a variant 
w ith high level production while only mutating regions of the molecule 
outside the CDRs.
1.3.3 Selection of Antibody Fragments Using Phage Display 
The technology to display antibody fragm ents on the surface of 
filamentous phages (McCafferty et al.,1990) using the Gene III protein is 
an extension of the principle of peptide display (Smith, 1985). The method 
opened up the possibility of mimicking the B-cell selection system in  
vitro  by specifically enhancing phage particles which display antibodies 
w ith a given desired specificity (Barbas et al., 1991). Since the initial 
experiments this technique has been improved dramatically, and many of 
these improvements are described in these reviews: Hoogenboom and co­
workers, (1992); Marks and co-workers, 1995 and Winter and co-workers, 
(1994).
One current trend in the field has been to apply antibody fragment 
combinatorial libraries to new applications, for example to raise specific 
antibodies against hum an self-antigens using hum an antibody fragments 
(Griffiths et al., 1993), and to generate larger and larger libraries to select
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for fragments that bind w ith a in the nanomolar range from a single 
pot.
In nature the m aturation of B-cells into plasma cells/m em ory cells 
involves somatic m utations of selected antibodies to improve further 
affinity from the primary response. This mechanism has been mimicked 
to some degree in the "chain-shuffling' technology (Winter et ah, 1994). 
This method utilises a heavy or a light chain of a selected antibody which 
pairs w ith a library of heavy or light chains. From this second selection 
step significantly higher affinities can be isolated w ith comparison to the 
primary response.
An alternative to the chain-shuffling approach is to make larger and 
larger libraries and use these for selection with the hope that a single 
phage library could be used in obtaining high affinity antibodies against 
any antigen. It was demonstrated that recently that specific binders to as 
m any as 18 different antigens can be obtained from a single phage- 
displayed scFv library (Nissim et ah, 1994).
1.3.4 Applications of Antibody Engineering.
Antibody engineering has many applications, an early example of this 
was humanisation, in which CDRs are grafted to from a murine antibody 
into the framework of a hum an antibody (Carter et ah, 1992). This has 
proven extremely useful in the generation of more biologically active 
antibodies for therapeutic agents. The use of the chain-shuffling method 
simplifies the cumbersome m ethod of hum anisation and the use of 
hum an antibody fragments on phages should eventually decrease the 
need for humanisation.
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Another application for antibody engineering has been the generation of 
catalytic antibodies. Areas of this work have expanded the num ber of 
reactions catalysed by antibodies, phage display techniques have been used 
to select antibodies specifically for catalytic functions. The development of 
catalytic antibodies for use in biotechnological applications such as 
peptide synthesis and prodrug activation have been developed.
Antibody engineering plays an im portant role in therapy, of which 
humanisation is an example. Antibody fragments can also be engineered 
by making fusions to effector molecules that increase the potential for 
im m unotherapy situations in vivo. This fusion approach is likely to 
expand the use of antibody fragments as targeting molecules in new 
clinical applications.
1.4 Molecular Biology
The advances described above in all the aspects of producing and the 
applications of antibody fragments, are only achievable by the important 
advances in molecular biology that have been made, that allow far easier 
manipulation of genetic material, thus making expression of the desired 
protein product possible.
In this section the molecular biological techniques that are required to 
clone the antibody fragment (Chapter 2) are explained in general terms 
and also in the application of cloning antibody fragments.
1.4.1 Messenger RNA (mRNA) and its Isolation.
Messenger RNA specifies the primary structure of proteins. Two other 
types of RNA are also involved in deciphering the genetic code, but
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unlike mRNA do not specify the order of amino acid residues in the 
protein; these are transfer RNA (tRNA) and ribosomal RNA (rRNA). In 
both eukaryotes and prokaryotes the sequences of tRNAs and rRNAs are 
contained in larger precursor molecules (the prim ary transcript of the 
genes) known as pre-tRNA and pre-rRNA respectively.
In eukaryotes, cytoplasmic mRNAs are derived from m uch larger 
precursor molecules known collectively as heterogeneous nuclear RNA 
(hnRNA) which contain internal sequences known as small nuclear 
RNAs (snRNAs), and another set of RNAs distinct from tRNA called 
small cytoplasmic RNAs (scRNAs). At least one of the snRNAs is 
thought to be involved in the processing hnRNA into functional mRNA.
The structure of typical mRNA is shown in figure 1.4. The message itself 
is a linear sequence of nucleotide bases. Part of the sequence is made up of 
the coding reg ion  of the mRNA w hich contains the codons 
corresponding to the amino acid sequence of the protein, read in the 5' to 
3' direction. The beginning of the sequence is represented by an initiator 
codon (usually AUG). The end of the codon sequence is a stop codon 
(UAA,UGA or UAG). The mRNA non-coding sequence ( or untranslated 
region: UTR) at the 5' end is the leader sequence, and parts of this 
sequence are involved in the binding of ribosomes to mRNA. All 
cytoplasmic eukaryotic mRNA molecules possess a cap structure at their 
5' end. The length of the untranslated sequence at the 3' end are variable 
in length. Most eukaryotic cytoplasmic mRNA contain a sequence of 100- 
200 a deny 1 units at the 3' end, which are added p os t-tr ans criptionally.
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Coding region
(? X p ) ® —  a   .....  O—---- — AAAAAAAA
5’CAP k  start A stopt
5’ non coding Open reading frame, ORF 3' non coding Poly(A) tail 
or UTR or UTR
Figure 1.4 Schematic representation of eukaryotic mRNA showing the functional units.
The poly-adenyl or poly(A) tail allows a convenient m ethod of 
purification (Edmonds et al, 1971), by affinity chrom atography with 
cellulose beads w ith poly-thymidyl or poly(T) nucleotides, which will base 
pair with the poly(A) tails of the mRNA at room temperature and high 
ionic strength. When working with any RNA care has to be taken from 
the presence of RNase contamination, so great care has to be taken in 
preparing glassware, p lasticware and solutions used in the isolation 
experiment.
1.4.2 The Polymerase Chain Reaction.
Trying to isolate a small piece of DNA from a large eukaryotic genome 
represents a very difficult task, however the complimentary nature of 
DNA sequences allows small pieces of DNA to be used as probes. Cloning 
DNA by this method w ould be a laborious process: firstly the genome 
would have to be cut into smaller pieces by restriction endonucleases (see 
section 1.4.3); these pieces placed into bacterial plasm ids, and each of these 
g row n as "clones' in  bacterial colonies; and then a radiolabelled 
oligonucleotide to act as a probe to find which clone contained the piece 
of DNA required. This colony could be isolated and the required DNA 
amplified or cloned in this way. W ith the advent of PCR (Mullis et a l ,  
1986) the laborious task of finding the piece of the genome required by
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simply using two oligonucleotide primers at each end of the piece of 
DNA that needs to be amplified, and are complimentary to the sequence 
of the ends.
The polymerase chain reaction works in the following way (figure 1.5). 
Two oligonucleotide prim ers are usually syn thesised chemically, the 
DNA or cDNA to be amplified is heated to around 90 °C to separate the 
strands of DNA, the reaction is then cooled allow the annealing of the 
primers to the target strands of DNA. The temperature of this annealing 
step will decide the stringency with which the primers will bind to the 
target DNA. Annealing tem peratures can be calculated by their base 
compostion of the primers. The annealing temperature can be varied in 
different reactions to assure the correct gene can be isolated and that other 
unw anted genes are not amplified. The final step of the reaction is 
incubate the sample in the presence of DNA polymerase and dNTPs 
(deoxynucleoside triphospha tes - 2'-deoxyadenosine 5 '-triphospha te 
(dATP), 2'-deoxycytidine 5'-triphosphate (dCTP), 2'-deoxyguanosine 5'- 
triphosphate (dGTP), thymidine 5'-triphosphate (TTP)) to allow synthesis 
of the complimentary strand. This would yield a new strand of DNA 
importantly with the sequence of the primers at each end of the amplified 
DNA. Each round of the reaction will double the isolated gene, so 
prov iding sufficient dNTPs, primers and active enzyme, any amount of 
DNA can be produced theoretically from one copy of the DNA. Use of the 
thermostable Taq DNA polymerase from the therm ophilic bacterium  
Thermus aquaticus, avoids the tedious process of having to remove the 
inactive p rotein  and add new DNA polym erase, w hich w ould be 
necessary if a non-heat stable enzyme was used. Another heat-stable 
polymerase. Vent DNA polymerase (New England Biolabs) can be used.
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Vent DNA polymerase has a proof reading 3' to 5 '  exonuclease.
1. Denature 5'
5* [
3' C
] 3' 
] 5’
3’
2. Anneal
3. Extension
1. Denature
Figure 1.5 Diagram of the polymerase chain reaction (PCR).
PCR is of great value in isolating antibody light and heavy chain variable 
genes. Once cDNA has been syn thesised w ith reverse transcriptase 
starting from an area in the Cj^l and regions for heavy and light 
chains respectively, this cDNA product is suitable for PCR. The sequence 
of primers can be devised using DNA sequence data from Kabat (Kabat, 
1991), and also from published PCR primers for isolating murine heavy 
and light chain variable genes.
1.4.3 Restriction Endonucleases.
Restriction endonucleases were discovered when it became apparent that 
bacterial DNA could detect 'foreign' DNA and degrade it, while DNA 
from the same strain was no t degraded. The non-foreign DNA is 
m od ified such that it is no longer hydrolysed by the restriction 
endonuclease. A restriction endonuclease recognises a specific sequence 
in the DNA, and if these bases have not been modified, will hydrolyse the 
sugar-phosphate backbone.
Each bacterial species has one or more restriction endonuclease that 
recognises a different sequence. In the vast majority of cases the sequence 
recognised is a palindromic, the phosphate backbone is cleaved between 
the same two bases on each strand - it is possible to have a staggered cut, 
giving cohesive ends or a cut in the middle of the sequence leading to 
blunt ends (figure 1.6).
By the use of these endonucleases the whole idea of engineering genes is 
made simple. Two pieces of DNA from different sources, but cut with the 
same enzyme, can be joined by their cohesive ends due to the base 
pairing, and the broken phosphate backbone repaired by DNA ligase. By
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using the different restriction endonucleases at each end of a particular 
gene and using the corresponding endonuclease sites in a plasm id, genes 
for expression can be added in the correct direction. Sequences recognised 
by particular restriction endonucleases can be placed into PCR primers, so 
that any gene amplified with this method can then be easily manipulated 
into suitable vectors.
G -A + C  ■ O -O -A -T -C -C  
•C-T+G-C-C-T-A“G-G
- A—G" 
T-C-
Bam HIt
-T ~G~C*~C~‘T~A—G~^P^ HO“G“ G“T —C
^P^-G-A-T-Ç-Ç—A—G~A“ C“ G“ OH
-A-T
-T-A >G**‘G-“G
»G’*’G**G
-c-c-c
-A-G-
-T -C -
I Sma I
- A - T - C - C - C - ( ^  H O -G -G -G -A -G -C -
-T -A -G -G -G -O t Q ) - C - C - C - T - C - G -
Figure 1.6 Diagram of the action of the restriction endonucleases Bam HI (cohesive ends) 
and S m a  I (blunt ends).
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In cloning the Fv variable genes, restriction endonuclease sites are added 
via  the PCR primers and make the manipulation of these genes simple. 
One problem is some of the restriction sites often occur elsewhere in the 
gene, which therefore requires mutagenesis to change the sequence. 
Plasm ids and PCR prim ers have been produced that use restriction 
endonuclease sites that are very uncommon in antibody variable genes.
1.4.4 Plasm ids
Plasm ids are self-sustaining pieces of DNA that are often found in 
bacteria and some lower eukaryotes. They are not essential for growth, but 
they confer some unusual properties to the cells that harbour them. 
Plasm ids replicate independently of the chromosome and are generally 
circular DNA molecules, although a few linear p lasm ids have been 
found.
The properties conferred by plasm ids are extremely varied. The first 
p lasm id identified in E. coli had the ability to participate in simple 
conjugal exchange of genetic information. This plasm id is known as the F 
factor (fertility), it is 96 kb and it is transmissible: the ability to promote 
the act of conjugation and be transferred itself from one bacterial cell to 
another. The R factor plasm id confer resistance to antibiotics and are also 
transm issible.
One of the first accomplishments of genetic engineering was to develop 
plasm ids into suitability for cloning and expressing pieces of DNA. The 
pUC plasm ids (Messing 1983; Norrander et al., 1983; Yanisch-Perron et al. 
1983) have an ampicillin resistance gene and a lacZ gene that has a series 
of unique restriction sites into which cloned DNA can be inserted. The
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ampicillin resistance allows only bacteria that contain that plasm id to be 
selected by growing in a m edium  that contains ampicillin. If these
plasm ids are transformed into a lacZ' strain of E. coli they will make the 
s train  lacZ'^, and if g row n on plates con taining the artificial (3- 
galactosidase substrate Xgal, then the colonies will appear blue. A plasm id 
which contains a DNA insert, thereby interrupting the lacZ site, thus 
unable to cleave Xgal, and will appear as white colonies - these white 
colonies grow ing on am picillin m edium  will therefore be bacteria 
containing the transformed plasm id with a DNA insert. The plasm id also 
contains the lac operon and promoter that allows control of transcription, 
then translation to the protein coded by the cloned gene by the use of 
isopropylthiogalactoside (IPTG) (see section 1.4.6).
The plasm id used to express the Fv fragment is a modified pUC 19 vector 
and is described in detail in Chapter 2 (Better et al, 1988; Ward et al., 1989; 
Orlandi et al, 1989).
1.4.5 Transformation of DNA into Bacteria.
Transformation has been described in many species of bacteria that have 
the ability to take up DNA naturally, only a small percentage of the cells 
have this ability and they are described as competent. In E. coli, competent 
cells do not occur naturally, but can be made so by treating with CaCl2  or 
by electroporation. The electroporation technique is more efficient with
up to about 10  ^transformed bacteria per microgram of DNA.
1.4.6 Expression of Proteins.
To express proteins coded for by DNA inserts in the pUC 19 vector, the
40
(A) /■ p o z y a
Lactose Operon
(B)
i mRNAI
@
Repressor
i P o z y a(C)
/ mRNAI
I
lac mRNA
Inducer-repressor
complex
Figure 1.7 (A) Map of tlie lactose operon and its regulatory gene, (B) the lactose operon in 
the repressed state and (C) induced state.
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lac operon gene, that controls the production of (3-galactosidase in E. coli,
is used Experiments on the control of this gene led to the proposal of the 
operon m odel for the regulation of protein expression. The genetic 
elements of this model (figure 1.7) are known to work in the following 
way. The regulator gene produces a repressor protein which interacts w ith 
the operator. The operon also contains a promoter for the binding of 
RNA polymerase - a site for the initiation of transcription. An inducer, 
such as IPTG, binds to the repressor, preventing it from interacting with 
the repressor. The z,y and a genes can then be transcribed to a polygenic 
transcript, coding for all three molecules. A modified version of the lac 
operon is used in the pUC 19 vector. The different strategies for bacterial 
expression, especially when applied to antibody fragments is discussed in 
section 1.3.3.
1.5 Theoretical determination of conformation
Because nearly all of the relevant conformational information of E3G 
comes from the giycosidic linkage, using modelling procedures applicable 
to carbohydrates would be the most suitable m ethod of theoretically 
determining the conformation of this glycan.
1.5.1 Modelling of Carbohydrates.
To determine the geometry of a oligosaccharide, it is necessary to apply 
theo retical analysis of com pu ter-generated  m odels. The atom ic 
coordinates of an input structure are optimised to determine a minimum 
energy conformation. Methods for conformational searching and energy 
calculation procedures have been reviewed (French and Brady, 1989).
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Full ab initio quantum  mechanical computations of oligosaccharide 
conformations are unattainable, due to the computationally intensive 
calculations required . Hence com putations of o ligosaccharides 
conform ation have relied alm ost entirely on m olecular mechanical 
m ethods (Homans et. al., 1987; Yan and Bush, 1990; Brady, 1986, 1987; 
M adsen et. al, 1990). This approach treats the molecule concerned as a 
num ber of point masses and charges, and a series of springs for bonds 
between them. Empirical data from X-ray crystallography or ah initio 
studies of small organic molecules provides optimum values for bond- 
lengths and torsion angles, deviation from which increases the energy 
potential of the model. Classical mechanics can then be used to derive an 
energy function for the model, allowing identification of lower energy 
configurations by differentiation. Additional factors affect the application 
of these methods to carbohydrates, particularly the exo-anomeric effect 
(reviewed by Tvaroska and Bleha, 1989), the effect of which is to make the
aglyconic carbon take up orientations of (j)pj ~ +60° in p-D-glycosides, and 
(|)y -  -60° in a-D-glycosides.
Early conformational calculations by Lemieux and co-workers utilised the 
hard  sphere exo-anomeric (HSEA) approach (Lemieux et. al., 1980), 
(Thogerson et al., 1982). These calculations utilised a simple forcefield, 
including a Kityagordski term to describe nonbonded interactions, rigid 
ring geometries, neglect of partial atomic charges, and a torsional 
potential for the exo-anomeric effect. Results in good agreement with 
experimental and theoretical considerations were obtained for the blood- 
group oligosaccharides (Lemieux et. a l ,  1980; Thogerson et. a l ,  1982), 
sucrose (Bock and Lemieux, 1982), and structures related to the complex-
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type N -linked glycans (Bock et. al., 1982). These studies posit 
oligosaccharides as hav ing essentially fixed orientations about the 
giycosidic linkages, w ith the exception of 1-6 linkages for which a number 
of orientations were predicted. Good agreement was seen between these 
studies, and NMR or X-ray crystallographic experimental data. However 
in extending this approach to structures larger than 4-5 residues, 
agreem ent is poorer, and it becomes apparent that a degree of 
conformational flexibility may be present.
Inherent in the HSEA approximation is the exclusion of certain terms 
from the forcefield, and the result of a given simulation depends upon 
the terms included (Gumming and Carver, 1987). HSEA calculations give 
good results for static, m inim um  energy, structures. However, to 
investigate dynamic models, where the potential surface encompasses a
w ide range of (]) and \^f angles, it now appears that a full molecular
mechanical forcefield is more appropriate. The AMBER parametrisation 
(Weiner et al., 1984, 1986), is a full forcefield, originally for nucleic acids 
and proteins, and has been extended to include carbohydrates by Homans 
(1990), based upon work by Ha and co-workers (1988a). A full molecular 
mechanical forcefield allows explicit inclusion of solvent water, in 
contrast to calculations done in vacuo.
HSEA calculations suggest deep potential wells, supporting the concept of 
rigid conformations. However, allowing all bonds, angles and torsion 
angles to vary during minimisation (flexible geometry) increases the area 
of conformational space accessible to a given giycosidic linkage (Scarsdale 
et a l ,  1988; Homans et al., 1987; French, 1989; Ha et a l ,  1988b; Homans et
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aL, 1989; Yan and Bush, 1990; Imberty et al., 1989). Energy contour map 
calculations (Ramachandran plots) in which (|)y and \|/p^  are systematically 
varied in small steps (10° or 15°) and the geometry optim ised for this 
value of the giycosidic angles to produce relaxed potential surfaces, allows 
exploration of the extent of accessible conformational space. The results 
may be presented as an iso-energy contour map, in which occupation is 
tem perature dependent, governed by the Boltzmann law (French and 
Brady, 1989). Calculation of relaxed maps is preferable to the use of a rigid- 
residue approach, since bad contacts may be relieved by relatively small 
changes in the internal coordinates (French, 1988; Ha et. aL, 1988b; Goebel 
et. al., 1970). Clearly this approach becomes im practical in larger 
molecules, since the number of degrees of freedom rapidly increases both 
the num ber of calculations that m ust be carried out, and consequent 
computation time. In addition, the problem of false or multiple minima
is accentuated, since it cannot be ensured that at each b/V point the 
molecule is at a minimum energy.
An a lte rn a tiv e  m ethod  for the de te rm in a tio n  of accessib le 
confo rm ational space is the calculation of m olecular dynam ics 
simulations (Homans et, al., 1987; Yan and Bush, 1990; Brady, 1987; Brady, 
1986; Madsen et. al., 1990). Studies on the behaviour of model saccharides 
du ring  m olecular dynam ics sim ulations has h igh lighted  several 
important points. Firstly, whilst structures may be restricted to low-energy 
regions of conformational space, they are by no means rigid. A number of 
conform ations m ay exist independently  du ring  the period of a 
simulation, each consistent w ith experimental data. Secondly, internal 
motions occur on a timescale of picoseconds, substantially faster than the
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rate of overall tumbling for even moderately-sized molecules. In this 
case, calculation of theoretical NOEs (see following section) is complicated 
by the necessary inclusion of spherical harmonics terms, accounting for 
the tim e-dependent orientation of the vector between the NOE-coupled 
pair and the m olecular axes (Tropp, 1980). M olecular dynamics 
simulations are presently limited by the length of simulated time which 
it is practicable to model. The timescale of the build-up  of the 
experim ental NOE is of the order of m illiseconds, w h ilst current 
computing teclmology renders the simulation of periods greater then tens 
of nanoseconds impractical. Comparison of experimental and theoretical 
NOEs m ust be subject to this im portant caveat. Explicit inclusion of 
solvent water substantially increases the length of time required for a 
simulation, and hence it is often more practical to simulate the existence
of solvent by using a dielectric constant e=80.
Determination of the m inimum energy structure may alternatively be 
reached by means of restrained simulated annealing (Clore et. al., 1985). 
Convergence upon sim ilar final conformations, from a num ber of 
different starting conformations ensures that a larger propo rtion of 
conformational space has been sampled compared to minimisation by 
differentiation of the energy function.
1.5.2 Homology Modelling of Proteins
W ith the fast rate of newly published protein and nucleic acid sequences 
in comparison to the relatively slow rate of published X-ray and NMR 
structures, it would be advantageous to develop a method which could 
predict protein structure from its am ino acid sequence. Since a priori
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folding rules for proteins have not been developed, it is necessary to base 
any structural predictions on the conformation of reference proteins. 
Thus it is assum ed that the structures of unknow n and sequentially 
homologous reference proteins are homologous and that a model of the 
unknown protein can be built from the reference protein.
Early work dealing with building a protein by homology used only one 
known structure (Brown et a l ,  1969; Shotton et a l ,  1970). Amino acid 
similarities between the known and unknown proteins were used to 
determ ine w here one p rotein w ould resemble the other. Sequence 
alignment was done and the coordinates of the reference protein were 
used to predict those of the unknown protein.
More structural approaches have been used by Greer, and Blundell and 
co-workers (Greer, 1980, 1981, 1985; Blundell et a l ,1987, 1988). In their 
methods more than one reference protein is used and greater emphasis is 
placed on the conformational similarities between them. Less emphasis is 
placed on sequential alignm ent alone as a basis for a model. By 
determ ining the regions of the protein that do not vary from one 
member of a protein family to another, there is greater confidence that 
extrapolation of structure for that region to a new protein will be more 
accurate. To homology model a protein the following steps are needed:
1. Determine which proteins are related to the model protein.
2. Determine structurally conserved regions (SCRs).
3. Align the amino acid sequence of the unknown protein with 
those of the reference proteins w ithin the SCR.
4. Assign coordinates in the conserved region.
5. Predict conformations for the rest of the peptide chain, including
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loops between the SCRs and the N- and C-termini.
6. Search for the optim um  side chain conformations for residues 
that differ from those in the reference proteins.
7. Use of energy minimisation and molecular dynamics to refine the 
molecular structure so that steric strain introduced during the model- 
building process can be relieved.
1.6 NMR spectroscopy.
The nuclear magnetic resonance phenomenon, first observed in 1946, has 
become a widespread tool for the non-destructive analysis of both organic 
and inorganic compounds. NMR techniques can provide information on 
s truc tu re , confo rm ation, and in te rnal mobility. C om prehensive 
introductions include Sanders and Hunter (1987), Derome (1987).
The fundam ental basis of the NMR experiment is perturbation by a 
radiofrequency pulse, of equilibrium magnetisation from an axis parallel 
w ith the static magnetic field, Bq, into a vector perpendicular to this axis, 
processing w ith a characteristic (Larmor) frequency. The value of the 
Larmor frequency is due to the extent to which the nucleus is shielded 
from the external field by nearby electron-inductive groups.
Cù = yBO Equation 1.1
Resonance assignment, even of simple oligosaccharides, is complicated by 
the tendency for the majority of resonances in both ^H and ^^C spectra to 
lie within an unresolved envelope, spanning only a few hundred Hertz. 
Anomeric proton or carbon resonances are distinct from this envelope.
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being well resolved at low field, due to the electron-withdrawing ring 
oxygen. Problems of coincident resonances are partially resolved by 
separation into a second or th ird  dim ension, increasing spectral 
dispersion. The precise nature of the inform ation contained in the 
spectrum  depends upon the details of the pulse sequence and phase 
cycling used, however a num ber of key points are shared by all 2D 
experiments. A preparation pulse or sequence of pulses generates the 
desired  coherences, w h ich then evolve unde r a free precession 
Hamiltonian during an incremented delay (t%). Transfer of magnetisation 
to other spins occurs, and the signal is detected during t2 - 2D spectra can 
then  be processed  by app lica tion  of tw o o rthogonal Fourier 
transform a tions. A 3-d im ensional spectrum  may be generated by 
insertion of a fu rther evolution period, and a th ird  orthogonal 
transformation is required.
Dispersion into 2 or more dimensions can be accomplished using either a 
hom ohuclear or heteronuclear methods. H om onuclear experim ents 
include COSY, HOHAHA, and 3D HOHAHA-COSY. Heteronuclear 
methods allow observation of correlations between heterologous nuclei, 
such as ^H and Experiments can be Tuned' to observe spin-couplings 
of particular size, by optimisation of delay periods, for instance 
Hz, H z , or Hz.
The sensitivity of C-H correlation spectra can be significantly improved by 
detection of the ^H signal (inverse-detection), by sequences such as INEPT 
(Morris and Freeman, 1979) (Insensitive Nuclei Enhanced by Polarisation 
Transfer). This enhancement is due to two factors; firstly, the receiver coil
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is more sensitive to signals of higher frequency (Cavanagh et. al., 1988), 
thus signals which resonate at a higher frequency than nuclei in 
the same magnetic field, will be detected with greater sensitivity. Secondly 
the intensity of the signal will be enhanced by Yi /TS’ '^'here yg is the 
magnetogyric ratio of the less sensitive spin, due to the larger population 
difference for the sensitive spin. An additional benefit is that signal 
repetition can be on the order of for the sensitive nucleus, allow ing 
faster acquisition.
1.7 Conformational analysis by NMR.
The following three param eters are particularly  im po rtan t in the 
conformational analysis of oligosaccharides:
Relaxation properties (NOE, Ty  T2 ).
Spin-spin coupling constants (J).
Conformation dependent chemical shifts.
1.7.1 Relaxation properties of perturbed nuclei.
Detailed explanations of NMR relaxation phenom ena are given by 
Noggle and Schirmer (1971), and Neuhaus and W illiamson (1989).
After application of a pulse, or other perturbation, nuclei relax to their 
equilib rium  states by one of two mechanisms. Long itudinal (T^) 
relaxation causes the population difference between two spin states of a 
given nucleus to return exponentially to equilibrium, due to transfer of 
energy to the surroundings or 'lattice'. In terms of classical formalism, 
bulk magnetisation in the X-Y plane returns to the Z axis. The second
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mechanism, sp in-spin (T2 ) relaxation causes a loss in phase coherence 
due to m utual exchange of spin energy, and resultant decay in the bulk 
intensity of transverse vectors. (Bloch model).
Both mechanisms of relaxation are due to tim e-dependent magnetic or 
electric fields, derived from random  thermal motions w ithin the sample.
For both and nuclei, the major sources of such fields, the intensity 
of which is termed the spectral density J(co), are the magnetic moments of
neighbouring protons. Relaxation is most efficient for both and T 2  
w hen the timescale of such interactions is at or near the Larmor 
frequency. ? 2  is additionally sensitive to low-frequency m odulations of 
spin energy levels. Thus the relaxation mechanisms are dominated by the
effects of dipole-dipole interactions w ith adjacent nuclei. The strength 
of these dipolar interactions are prim arily dependent, among other 
factors, upon the internuclear distance, and the mobility of the vector 
within the static Bq field. Thus these relaxation phenomena can provide 
information about both geometric and dynamic behaviour.
Nuclear Overhauser Effect
Consider a system of two spins, I and S, that are not dipolar coupled, 
but are close in space.
We can define transition probabilities between states as shown in figure 
1.8. The populations of each energy level are given by the Boltzmann 
distribution. Application of a radiofrequency pulse at the frequency of S 
saturates this spin causing the populations across the S spin transitions to 
be equalised. Relaxation will proceed by the various pathways, including
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W 2 and Wq double- and zero-quantum spin transitions. W 2  transitions 
are prom oted by magnetic fields fluctuating at -2o), and Wq by low 
frequency fluctuations. Hence in  slowly tum b ling m olecules, Wq 
processes dom inate, causing a reduction in the intensity of the I spin, 
resulting in a -100% NOE in the limit. In a rapidly tumbling molecule, 
W 2  predom inates, causing a positive enhancement. W hen the energy 
level populations are disturbed from equilibrium, the I spin also relaxes 
by transferring energy to its neighbouring protons. These indirect 
enhancements are also negative, and after prolonged irradiation of S the 
transfer of ind irect NOE enhancem ents ('sp in-diffusion") causes 
sa tu ration  of all sp ins in the molecule, and hence the distance 
proportionality of the NOE magnitude is lost. The rate of cross-relaxation, 
s, proportional to r"^, is a more convenient param eter to use than the 
enhancement itself.
a a
Figure 1.8 : Energy level diagram for two non-coupled spins, I and S, in close spatial 
proximity. Wp W2 and W q  represent the transition probabilities for single double and
zero quantum processes. Spin states are labelled a  or [3.
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In a multispin system, the rate of intensity change for spin I is:
^z) ^is(Sz ^z) ^ z)dt Equation 1.2
where 1^  and I^ .® are I spin intensities along the Z-axis at time zero 
and time t respectively; Rj is the relaxation rate of I; and M represents all 
other spins in the system. The initial rate, when Mg=Mg^, and Sg=0,
is given by:
dt  ^ Equation 1.3 
For homonuclear interactions, s is given by:
+ ®s)-  J(«i “ ^s)]
Where h- is Planck's constant divided by 2n, pg is the permeability of 
free space, rjg is the internuclear distance, and y is the magnetogyric ratio 
of a proton. J(œ), the spectral density function is defined as
J(cû) =
Equation 1.5
(the correlation time for molecular reorientation) is inversely related to 
rates of molecular motions, and is identical for each vector in a
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rigid isotropically tumbling molecule.
Using the initial rate approximation, immediately after saturation of S,
the NOE at I is affected by only one distance-dependent term, Ojg.
Therefore, in such situations, all enhancements behave as though they 
were in a two-spin system, and those measured during truncated driven 
experiments, w hen the saturation period is w ithin the linear build-up 
region, are in proportion to the internuclear separation from S. With 
longer presaturation times, indirect enhancements develop, and distance 
specificity is lost.
W hen all constant terms in equation are gathered together as a single 
constant k, the equation simplifies to;
a= k r" ^  Equation 1.6
Then, when an NOE enhancement is observed between two protons, (I 
and M), and the distance between I and S is known, the S-M distance can 
be estimated from a simple ratio calculation:
I's M = ris(S is/S s nation 1 .7
Due to the r"  ^ dependence of S small inaccuracies in m easured NOE 
enhancements have negligible effects in calculated internuclear distances. 
However, when using the reference distance method, there are several 
points which must be appreciated:
1. The accuracy of the calculated S-M distance relies upon that of the 
reference distance.
2. Inaccuracies are introduced by non-instantaneous saturation.
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3. The method is only valid for the initial rate approximation
4. Integration of spectra, particularly w ith overlapping or low 
intensity signals can be inaccurate.
5. Internuclear vectors connecting IS and SM m ust have the same
effective correlation time (ig). This will not be the case if the molecule 
exhibits anisotropic tumbling or has flexibility in the S-M distance.
6. In the event of internal motions, enhancem ents are heavily 
w eighted by the conformations w ith  closest contact, due to the r"^ 
dependence. It is the internuclear distance, rather than the enhancement 
itself which is averaged.
Generally, in an isotropically-tumbling, rigid molecule, the S-M distance 
can be calculated to within --10%. However, in flexible polysaccharides (5
and 6 above), inequalities of become relevant. Internal mobility adds
uncertainties to the proportionality of a  and r “*^ (Genest, 1989). For a 
flexible molecule in multisite conformational exchange that is slow on 
the Tg timescale, the effective internuclear distance is simply a time-
average of the separation at each individual conform ation <r"^>"^/^. 
However Tropp showed that during fast exchange (e.g methyl group 
rotations) s is a function of the <r'^>^ average distance, and has also an 
angular dependence (Tropp, 1980). Use of Tropp averaging has important 
im p lications w hen com puting sim ulated enhancem ents involving 
flexible molecules.
Lipari and Szabo (1982 a,b) have proposed a modification of the 
spectral density function to allow for the effects of fast internal motions. 
Their approach is independent of a motional model, but includes a
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param eter (S  ^ the generalised order parameter) for describing spatial
restrictions of the internal motions. However describes movement of 
the internuclear vector, and is not applicable where the internuclear 
distance is varying. It is therefore particularly suitable for relaxation, 
since r^ ^  is constant. The Lipari-Szabo approach can be used to explain 
the experimental measurements, but does not assist in developing a 
dynamic model of the analyte (Dais and Perlin, 1987).
Calculated distances, w ith error limits, can thus be used to limit the 
available conformational space during molecular modelling calculations.
T ^and T2
The kinetics of relaxation are often expressed either as the rate at which 
net magnetisation is restored along the Z-axis (Spin-lattice relaxation, R^), 
or as the rate at which signal is lost from the XY plane (spin-spin 
relaxation R2 ). In macromolecules, the rates of these processes are not 
equal, in part because Wq transitions increase the rate of spin-spin 
relaxation, but result in no longitudinal relaxation. Each process is 
described by a first-order rate expression, and therefore two rate constants 
must be defined: R1 and R2. Frequently these are expressed in reciprocal 
form as relaxation time constants T|=l/R|^ and T2 = l/R 2 *
Mq -  M2  = Cexp
V Equation 1.8
Mq is the net magnetisation, is the magnetisation component along
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the Z-axis, C is a constant, and t is time. If relaxation proceeds by different 
pathw ays, the rate process is not described by a single exponential 
function.
The T j for a given sp in is simply the sum of all cross-relaxation (a)
and auto-relaxation (p) rates. The dominant relaxation mechanism for
nuclei is via  its directly attached protons, and its rates can be 
calculated from:
_  Y c T h  _ ^ c )  +  3 J ( cOc )  +  6 J ( c o „  4 - c O c ) ]
: CH Equation 1.9
and;
, 2^,2  4,2
+  j(co„ -  coc ) +  3 j((0c ) + 6J(co„ ) +  6j(co„ +  CÛC)]
•*■1 CH
Equation 1.10
The value of the NOE can be calculated from:
N O E - l l  'Y6J(<”H+Q)c)-J(mn-C0c))
y{J(®h “  ^ c) 3J(o)c) + 6J(o)|.j 4- co )^)
Equation l.Tl
where r^ ^  is the internuclear distance, and x in the spectral
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density expression (equation 1.5), relates to the reorientation of the C-H 
vector. ^^C Tj data are sensitive to the anomeric configuration of sugar 
residues (Hall and Preston, 1972), since the anomeric C-H bond lengths 
are shorter for a-sugars than for p sugars (Wolfe et al, 1990).
Equations 1.9, 1.10 and 1.11 indicate that like the ^H-^H NOE, T^, T2  and 
the ^^C{^H} NOE are sensitive to x^ , but since the only distance dependent 
term is r^pj, ^^C T^, T2  and NOE are influenced only by molecular 
m otions, w ithout complication by conformational effects, and may 
therefore be used for investigating molecular dynamics.
In large macromolecules, overall tumbling rates are relatively slow, but 
may exhibit rapid internal motions, which are then represented by an
effective correlation time (Xg), to account for both internal and external
mobility. It can be shown that in such systems, is insensitive to slow 
molecular tum bling rates, being most strongly affected by internal 
mobility (Zhang et. al., 1990). However,Wq transitions do not contribute 
to Tj relaxation, but do affect the dependence of T2  to slow motions, as the 
term J(0) in the spectral density expression. Hence can be considered a 
probe of internal mobility, and T2  of slower motions, including molecular 
tumbling.
1.7.2. Spin-coupling constants.
The degree of atomic orbital overlap affects the m agnitude of spin- 
coupling constants, which are therefore related to the dihedral angle (q) 
between vincinal coupled spins (Karplus, 1959; 1963). The generalised
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K arp lus re la tion sh ip  is applicable to bo th  hom onuclear and 
heteronuclear spin-coupling constants, and is of the form:
J= Acos^O + Bcos9 + C 
Where A, B and C are constants for which different values have been 
proposed, H aasnoo t has included additional term s for substituent
electronegativities (Haasnoot et. al., 1980). The ^H-^H spin-coupling 
constants and chemical shifts of pro-R and pro-S hydroxym ethy l 
resonances have  been  ass igned  unequ ivoca lly  for several 
hexapyranosides (N ishida et aL, 1987). H - 6  invariably has a greater 
chemical shift and larger H5-H6 coupling constant than H - 6  The 
rotamer distribution around the C5-C6 bond can be found from analysis 
of the ^H-^H spin-coupling constants.
Of particular use for oligosaccharide analysis are the values across 
glycosidic linkages, since these have been correlated w ith the glycosidic 
torsion angles (Mulloy et.al, 1988; Tvaroska et. al, 1989).
The dependence stereoelectronic effects has been term ed the
Perlin effect (Wolfe et al, 1990). Tvaroska (1990) has recently proposed the 
following correlation between dihedral angle and small organic
compounds;
^JcH“ Acos^O + BcosO + CcosO + Csin^O + DsinG + E 
The variation of this function at torsion angles between ± 1 0 0 ° is small in 
com parison w ith  the error limits, but a single m axim um  coupling 
constant is observed close to 180°. The inform ation may then be 
complementary to in oligosaccharides, which shows two maxima at
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0° and 180°
1.7.3 Conformation-dependent chemical shifts (not including ring current 
effects).
Conformation-dependent chemical shifts are observed when substituents 
on adjacent residues are in close proximity. For example w hen the 
distance between a proton Hx and a neighbouring substituent Y is short, a 
force exerted along the C-H bond axis affects the chemical shift of both Hx 
and its attached carbon (Grant and Cheney, 1967). In carbohydrates, the 
difference between the chemical shift of a resonance in a monosaccharide 
compared w ith the same signal when the residue is part of a larger 
structure is termed a glycosylation shift.
^H-^H proximity generally causes up-field glycosylation shifts on the 
resonances of both protons and attached carbons (Backman et. a l, 1988). 
Proton-oxygen proximity shifts the ^H ^^C-H and resonances
downfield (Lemieux and Bock, 1983; Baumann, 1988).
G lycosylation shifts are complicated by many factors including the 
orientation of oxygen lone-pairs (Baumann, 1988) and conformational 
averaging, hence there is no simple relationship between the magnitude 
of shifts and internuclear distances in carbohydrates. glycosylation 
shifts have been roughly correlated with O-H distances, (Baumann, 1988), 
torsion angles of skeletal bonds such as the glycosidic torsion angle \j/
(Horii, 1984; Veregin et. al., 198; Gidley and Bociek, 1988), and the 
deformation of bond angles (Saito and Ando, 1989).
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Chemical shifts of carbon nuclei close to anomeric linkages are sensitive 
to the stereochemistry of the linkage (Hall and Johnson, 1969; Shashkov 
et. al., 1988), including the absolute configuration of both residues, the 
configurations of anomeric and linkage carbon atoms and the position of 
the linkage on the aglycone ring. The magnitude of changes are small 
compared with the total range of chemical shifts and are rarely greater
than 10 ppm for signal and 0.5 ppm for ^H.
1.7.4 Ring Current Shifts.
Ring current effects are a major source of conformation dependent shifts 
observed in proton NMR spectroscopy. These spectroscopic results can be 
interpreted in terms of the local structure in terms of the aromatic rings 
in  the local environm ent. These ring current effects prov ide a link 
between spectroscopy and structure both in static and in dynamic terms.
In proteins ring current effects originate from the aromatic rings of His, 
Phe, Tyr, and Trp residues. The heme in cytochromes, myoglobins and 
hemoglobins also give rise to large ring current effects.
Such effects arise from the circulation of the delocalised n electrons of 
aromatic rings around the periphery of the aromatic ring, (figure 1.9). 
This sets up a local magnetic field which opposes the external field set up 
by NMR spectrom eter magnet. Chemical shift changes result for the 
resonances of protons which are close to the aromatic ring (<0.7 nm from 
the centre of the ring). The shifts are upfield above and below the ring 
plane, where the local field reinforces the external field, and downfield in 
the ring plane (figure 1.10). Therefore protons attached directly to the
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Magnetic lines of force
Figure 1.9 The ring current and the magnetic lines of force induced in a benzene ring by an 
external field Bq. The term q relates to the Johnson-Bovey equation. Taken from Perkins 
(1982)
Figure 1.10 Schematic outline of the shielding (+) and deshielding (-) zones due to the ring 
current of a benzene ring. Taken from Perkins (1982)
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aromatic ring, will lie in the plane of the ring and experience large 
'internal' downfield shifts. Protons from other residues held close to the 
aromatic ring either by protein folding or a ligand being bound in a 
protein. In this case hydrophobic interactions norm ally place the 
proton(s) above the centre of the ring where the shielding is greatest. This 
w ould result in ring current shifts of up to 0.9 ppm  upfield. The 
calculation of proton position from the aromatic ring (or conversely the 
position of the aromatic ring from the proton) are based on these 
'external' ring current effects.
For a single aromatic ring, a ring current equation can be most usefully 
discussed in terms of a general expression, where the ring current shift in 
ppm  is the product of these terms.
ôj^xlO =iBG{p,z,(j)) Equation 1.12
In the case of more than one ring is the summation of the individual 
calculated for each ring. The spatial term G(p, z, p) relates the 
cylindrical coordinates p, z and pof a proton relative to the ring plane and
ring centre. It is of concern to establish the validity of the spatial term as a 
suitable geometrical description of the way in which ring current shifts 
vary in space. The general constant of proportionality B should be in 
principle related to the molecular susceptibility of the aromatic ring. The 
ring current intensity factor i takes into account the influence of the 
specific electronic structure of the aromatic ring n is ring current. For the 
aromatic amino acids, nucleic acid bases and the heme ring i thus takes 
different values.
63
Three m ain approaches have been used to relate the position of the 
proton relative to the aromatic ring for the calculation of a ring current 
shift. These are the classical dipole model of Pople (1956), the semi- 
classical current loop of Johnson and Bovey (1958) and the quantum  
mechanical method of Haigh and Mallion (1972). In this study only the 
Johnson-Bovey method was used.
The Johnson-Bovey equation evaluates the local magnetic field produced 
by two current loops parallel to the ring plane at a distance q above and 
below the ring (figure 1.12). These loops represent the six delocalised n 
electrons of the aromatic ring. The Johnson-Bovey equation is given in its 
1958 form by:
5 ^ x 1 0 - ^ = ^ ! ^6mnc (1-p) +2
Equation 1.13
where n is the number of n electrons; a is the ring radius; e, m and c are 
the standard constants; p and z are cylindrical coordinates of the proton 
relative to the ring centre (figure 1.11); And K an E are the first And 
second elliptic integrals which are a function of p, z and q in units of a. 
The spatial term is enclosed within the large brackets of equation 1.12.
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Figure 1.11 Geometrical input for the Johnson-Bovey equation in order to relate the 
position Q of the proton to the aromatic ring.
indicates the the position of Q when projected into the lane of the ring.
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Chapter 2.
Cloning of Variable Heavy and Light Chain 
Anti-E3G A ntibody Genes.
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Abstract
A DNA plasm id which would allow the expression of an anti-E3G Fv 
fragment in E. coli was constructed. The Fv fragment is to be used in a 
diagnostic kit for fertility prediction. By isolating mRNA of the variable 
heavy and light chain genes from hybridoma cells, first strand cDNA was 
synthesised. The variable heavy and light chain genes (V^ and 
respectively) were then isolated and amplified by PCR. This also 
introduces restriction enzyme sites that allow the DNA to be easily 
manipulated into an existing plasm id. The DNA and derived amino acid 
sequence data for the two genes has been given.
2.1 Introduction
Im m unoglobulin Fv fragm ents, heterodim ers con taining only the 
variable domains Vy and V^, are the smallest antibody fragments that 
have antigen binding activity. Their small size makes these molecules 
interesting targets for the developm ent of im m unodiagnostics and 
immunotherapeutic agents as well as for other applications. Having the 
the genetic material to express the Fv fragment in bacteria gives many 
opportunity to diversify the use of these fragments: the two chains of the 
fragment can be linked by a polypeptide chain (Bird et a l, 1988) (single 
chain Fv fragment, scFv) allowing a greater range of expression systems 
and adding stability to the protein; peptide tails can be added to aid in the 
purification or detection of the expressed fragment (Munro and Pelham, 
1986); the antibody can be m utated to provide different levels of binding 
which in conjunction w ith structural studies can be used elucidate 
inform ation of the nature of antibody-anti gen interactions; bacterial 
expression also allows easy isotopic labelling for NMR studies. The small 
size of the Fv fragment makes the protein very amenable to structural
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studies by either NMR or X-ray crystallography and several structures 
have been published. (Chitarra et a l, 1993; Eigenbrot et a l,  1882; Fan et al 
1992; Bundle et al, 1994)
This chapter is concerned with obtaining the two variable chain genes 
from hybridoma cells and inserting these into a suitable plasm id (pUC 19) 
to allow expression of the active protein The hybridoma cells were from a 
mouse im m unised to give a monoclonal response to E3G, and the 
fragment is envisaged to be used as a diagnostic agent in a commercially 
available kit to be used for fertility prediction. The main difficulty comes 
from the presence of 'rogue' sequence mRNA present in often very high 
levels in the hybridoma cells, if this is isolated its sequence appears as 
light chain DNA, but any expressed protein  w ould  be inactive. 
Fortunately, these sequences are well documented, so that any rogue 
sequence can be identified. (Strohal et at., 1987).
Expression of the recom binant protein in bacteria will also allow 
sufficient material to be generated for structural studies: firstly for my 
own use in an NMR study of the three dimensional structure of the 
bound antigen and binding site (Chapter 6 ), and also the plasm id was 
made available to collaborators for an X-ray crystallography study of the 
Fv complexed with its antigen and other closely related molecules. Once 
these genes are in a suitable plasm id, they can easily be moved into other 
plasm ids which would allow the recombinant protein to be expressed 
with different polypeptide tails, and also as a single-chain protein.
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2.2 Materials and Methods
Isolation and purification of mRNA.
The method used is a modification of the method described by (Favaloro 
et ah, 1980). Anti-E3G 4155 hybridoma cells (3 x 10^) were washed twice in 
500 mL of PBS, the cells were then pooled in 50 mL of PBS. To this 22 mL 
of cold lysis buffer w ith vanadyl ribonucleoside complexes was added. 
This was left on ice for 2 minutes, vortexed then centrifuged at 4000 g for 
20 minutes at 4°C. The supernatant was transferred into 30 mg of protein 
kinase (predigested in 25 mL protein kinase buffer (200 mM Tris.Cl pH 7.4;
300 mM NaCl; 25 mM EDTA;2 % SDS; 1 mg.mL"^ protein kinase K) for 15 
m inutes at 37°C), the kinase was inactivated by heating to 65°C for 3 
minutes. To this 3.5 mL of 4M NaCl was added, then cooled to room 
tem perature and added to the oligo dT cellulose solution. This was 
prepared as follows: 100 mg of oligo dT cellulose was washed 3 times w ith 
10 mL of O.IM NaOH, twice w ith DEPC treated H 2 O, twice in elution 
buffer and once in binding buffer. For each wash the oligo dT cellulose 
was spun at 4000 g for 5 minutes and the supernatant decanted. The 
cells/oligo dT cellulose mixture was incubated for 30 minutes at room 
tem perature on a rototorque. A column for purification was prepared 
using a 2 mL sterile syringe with sterile siliconised glass wool as a plug. 
The cells/oligo dT cellulose mixture was loaded on the column and 
washed 3 times w ith 1.5 mL of binding buffer and 3 times w ith 1.5 mL of 
washing buffer. The mRNA was eluted with three 1.5 mL washes w ith 
elution buffer (50 °C). The mRNA was precipitated w ith 500 pL of 3 M 
NaOAc and 12.5 mL of absolute ethanol, for 16 hours (overnight) at -20°C. 
The mRNA was centrifuged, the supernatant removed then resuspended 
in 500pL absolute ethanol, centrifuged and the supernatant removed as
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before. The mRNA was resuspended in 500pL of absolute ethanol and 
stored at -70°C. The mRNA was quantified by measuring the absorbance 
at 260 nm, where one absorbance unit at 260 nm is equivalent to 40
pg.mL"^. The ratio of absorbance at 260 nm over the absorbance at 280 nm 
was measured to give an indication of protein contamination.
Buffers used:
PBS: 8 g NaCl, 0 .2 g KCl, 1.44g NagHPO^, 0.24g KHgPO^ in H 2 O to IL, pH 7.4. 
lysis buffer: 0.1 M NaCl, 15 mM MgCl2 , 10 mM Tris.Cl (pH 8 .6 ) ,  0.5 % NP- 
40.
binding buffer: 0.5 M NaCl, 10 mM Tris.Cl pH 8.0, 5 mM EDTA, 0.2% SDS. 
washing buffer: 0.1 M NaCl, 10 mM Tris.Cl pH  8.0, 5 mM EDTA, 0.2 % 
SDS.
elution buffer: 10 mM Tris.Cl pH 8.0, 5 mM EDTA, 0.2 % SDS.
First Strand cDNA Synthesis.
Method modified from Sambrook et al. (1989): 2 pL of mRNA (-2 pg) and
3.2 pL of MG08 (heavy chain); or MK09 or PCR174 (light chain) primer
(2.5 ng) were heated at 72 °C for 2 minutes, cooled on ice then IpL lOx 
RTB (reverse transcriptase buffer, 50 mM Tris.Cl pH  7.6, 60 mM KCl, 1 
mM dNTPs, 1 mM DTT, 1 unit.pL"^ RNase inhibitor, 50pg.mL 
actinomycin D), 1 mL BSA (bovine serum albumin 100 pg.mL"^, RNase 
free) IpL of dNTP (5 mM), 0.4 pL of RNAguard (Pharmacia Biotech.), and
0.4 pL of reverse transcriptase (Anglian Biotech.) were added and the 
reaction incubated at 42 °C for 70 minutes. This reaction was stored at - 
70°C and can be used directly for the PCR.
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Isolation and Amplification of V ^and Vj_^ genes by the PCR.
Both reactions were variations on the method described by Ward and co­
workers. (1989).
Vf^. The following were added to a sterile 1.5 mL eppendorf tube: 
3pL (10 pmol.mL"^) of both 5' primer (PCR 51) and 3' primer (PCR 89), 5 
pL lOx RTB, 5 pL dNTPs (2 mM), 32.5 pL sterile milli-Q H 2 O, 0.5 pL Taq 
polymerase. IpL of target DNA (10^ dilution of first strand cDNA 
synthesis). The reaction mixture was covered with 50 pL of mineral oil, 
and the reaction tubes were placed in a thermocycler with the following 
program: 20 cycles of 93 °C for 1  m inute, 50 °C for 1.5 minutes and 72 °C 
for 2 m inutes, followed by another 2 minutes at 72 °C. 1 pL of these 
reactions were added to 1 pL of lOx running buffer, and 8 pL of H 2 O .
V^: lOpL of Vent huiler (lOx) (New England Biolabs), 2 pL dNTPs (20 
mM), 2 pL 5' primer, 2 pL 3' primer (both 30 pmol.mL"^), 83 pL sterile 
milli-Q H 2 0 .and 1 pL Vent polymerase (New England Biolabs). To this 1 
pL of target DNA (10^ dilution of cDNA reaction), and overlayed with 100 
pL of mineral oil. The samples were placed in the thermocycler and were 
run w ith the following program: 94°C for 4 minutes, then 20 cycles of 94 
°C for 1 m inute, 55 °C for 1 minute, and 72 °C for 1 minute w ith an 
additional 2  minutes at 72 °C after the 20 cycles were completed. The 
results were viewed by rurming 1 pL of the sample on a 1% agarose gel.
Purification of PCR Products.
The DNA fragments were purified from a 1.5% agarose gel using the 
QIAEX DNA gel extraction kit. The DNA was excised from the gel with a 
clean scalpel blade and then the excess gel removed. The purification was
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carried out using the protocol and chemicals supplied.
Sequencing of PCR Products.
Vh  DNA in a m odified pMM sequencing vector (M. Metcalfe, 
unpublished) was sequenced using the Sequenase 2.0 DNA sequencing
kit. 7pL of dsDNA (1-2 pg), 2 pL primer (1-2 pmol) and 1 pL NaOH (0.8M) 
were incubated at 6 8 °C for 10 minutes. 2 pL of 1.5 x TDMN (320 mM TES, 
180 mM HCl, 75 mM DTT, 120 mM MgClg, 300 mM NaCl) was incubated 
at room tem perature for 5 minutes. To this 1 pL of the labelling mix (2:5
w ith milli-Q HgO), 0.5 pL ^^S-aATP, 2pL of Sequenase (1:8 ratio with 
milli-Q H 2 O), then mixed and left at room temperature for 5 minutes. 3.5 
pL aliquots of this was added to each of the ddNTP solutions and 
incubated at 37°C for 5 minute. The sequencing reactions were stopped by 
adding 4 pL of the 's top ' reagent. The samples were incubated for 20 
m inutes a t 80°C, before being loaded on a sequencing gel (4% 
polyacrylamide gel)
DNA: Sequencing was done on an automated sequencer by Dean 
Sibthorpe
Preparation of DNA Plasmids.
A  glycerol slant of pMM transfected in E.coli. JM109, was streaked across a 
2TY amp plate and incubated at 37 °C for 16 hours (overnight). Colonies 
were picked and grown in 5 mL of 2TY amp. for 6  hours. DNA was 
prepared using the alkaline lysis method.
Restriction Enzyme Digests.
Pst I: 10 pL of DNA was digested by lOU of Pst I in Boehringer
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Mannheim 'High-Salt' buffer: 50 mM Tris.Cl (pH 8.0), 10 mM MgCl2 , 100 
mM NaCl, 1 mM 2-mercaptoethanol, at 37 °C for 2  hours
Xho I: 10 pL of DNA was digested by lOU of Xho I in Boehringer 
M annheim 'High-Salt' buffer: 50 mM Tris.Cl (pH 8.0), 10 mM MgCl2 , 100 
mM NaCl, 1 mM 2-mercaptoethanol. at 37 °C for 2 hours
Pst l-Bst Eli: 10 pL of DNA was digested by lOU of Pst I in Boehringer 
Mannheim buffer 'B': 10 mM Tris.Cl (pH 8.0), 5 mM MgCl2 , 100 mM NaCl,
1 mM 2-mercaptoethanol, at 37 °C for 2 hours. 10 U (IpL) of Bst EII was 
added and this incubated at 60 °C for 2 hours.
Sac l-Xho I: lOpL of DNA was digested by lOU of Sac I in Boehringer 
Mannheim 'Low Salt' buffer: 10 mM Tris.Cl (pH 7.5), 10 mM MgCl2 , 1 mM 
dithiothreitol (DTT) for a final volume of 20pL, was incubated at 37 °C for
2 hours. To this lOU of Xho I, 2.5pL of NaCl(lM), and 1.5 pL of milli-Q 
H 2 O (NaCl now 100 mM) and this was incubated at 37 °C for 2  hours.
Sac l-Eco RI This was done exactly as the Sac I - Xho I digest.
(All restriction enzymes were supplied by Boehringer Mannheim).
Ligation of Vj^gene into vector. 5 pL of insert DNA, 1 pL of vector, 1 
pL of lOx ligation buffer, IpL DTT (O.IM), 1 pL rATP (10 mM), IpL T4 
DNA ligase. A negative reaction was also set up with no insert. These 
samples were incubated for 2  hours at room temperature.
Transformation of Ligated DNA into electrocompetent cells.
(A) Preparation of electrocompetent E. coli JM109 cells. 10 mL of 2TY 
media was inoculated w ith 10 pL of an E. coli JM109 culture (glycerol 
slant). This was incubated at 37 °C with shaking for 16 hours (overnight). 
1 litre of 2TY media was inoculated with 5 mL of the overnight culture 
and incubated at 37 °C with shaking (250 rpm) until the absorbance at 600
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nm  was between 0.5 and 0.7. The cells were placed on ice for 30 minutes 
then centrifuged at 4 °C and 4000 g for 20 minutes. The supernatant was 
discarded and the cells resuspended in 1 litre of ice-cold HEPES (sterile, 1 
mM) This suspension was centrifuged at 4000 g for 20 minutes at 4 °C. 
The supernatant was again discarded and the cells were resuspended in 
500 mL of the HEPES, washed, then centrifuged in the same way. The 
washing and centrifuging steps were repeated this time with 20 mL of 1 
mM HEPES, 10% glycerol. Finally the cells were resuspended in 2.5 mL of 
1 mM HEPES, 10% glycerol. 50 pL aliquots were put into sterile eppendorf 
tubes. The cells were then used immediately, or frozen on dry-ice then 
stored at -70 °C for future use.
(B) Transformation. 1. Sample preparation: the ligation sample was 
extracted of p ro tein  im pu rities w ith  a pheno l/ch lo ro fo rm  and 
chloroform extraction (as in DNA minipreps), and the DNA precipitated 
and washed, then resuspended in 20 pL of milli-Q H 2 O.
2 . Electroporation: The electrocompetent cells were thawed on ice 
then mixed with the DNA in a prechilled 0.2 cm electroporation cuvette. 
The cuvette was placed on ice for 1 minute then pulsed once at 200 Q, 2.5 
kV and 25 pF. Immediately 1 mL of 2TY was added and this transferred to 
a 6  mL falcon tube, the cuvette was rinsed with a further 1 mL of 2TY and 
this added to the falcon tube also, the 2 mL samples were incubated with 
shaking at 37 °C for 1  hour.
3. Plating out: For each transformed sample samples of 2 pL, 20 pL, 
and 200 pL samples were streaked onto 2TY amp plates. The remaining 
cells were spun down and resuspended in 200 pL of 2TY and plated out. 
The plates were incubated for 16 hours at 37 °C.
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Preparation of DNA from Bacterial Colonies or Glycerol Slants: (alkaline 
lysis method or minpreps).
This method is taken from Sambrook et al. (1989), which is a modification 
of the m ethod used by Birnboim and Doly, (1979); and Ish-Horow icz 
(1981)and Burke, (1981). 2  mL of 2TY amp media was inoculated w ith 
either a bacterial colony or ^lOpL of a glycerol slant, and grown for 5 
hours w ith shaking at 37 °C. 1.5 mL of the culture was transferred to a 1.5 
mL eppendorf tube and centrifuged for 1 minute, the supernatant was 
discarded and the pellet shook dry (All centrifugation was done in a 
micro-centrifuge at 12,500 rpm) The pellet was resuspended in 100 pL of 
ice-cold solution I (50 mM glucose, 25 mM Tris.Cl pH 8 , 10 mM EDTA), 
vortexed then left for 5 minutes on ice. 200 pL of solution II (0.2 M NaOH, 
10% SDS - room temperature) was added, mixed by rapid inversion and 
this left at room temperature for 5 minutes. 150 pL of ice-cold solution III 
(3 M KaOAc, 2 M HO Ac) was added, the mixture vortexed briefly, put on 
ice for 5 minutes and then centrifuged for 5 minutes. The supernatant 
was transferred to a fresh tube containing 450 pL of phenol / chloroform, 
the combined sample vortexed then centrifuged for 3 minutes. The 
aqueous layer was transferred to a fresh tube containing 450 pL of 
chloroform. The aqueous layer was extracted as before and transferred to a 
fresh tube containing 800 pL absolute ethanol; the DNA was precipitated 
at -20 °C for several hours or on dry-ice for 10 minutes. The DNA was 
centrifuged for 5 minutes, the supernatant discarded, the pellet washed 
w ith 70 % ethanol, centrifuged for 5 m inutes, and the supernatant 
discarded. The pellet was allowed to dry for 15 minutes. The DNA was 
dissolved in 50 pL of TE buffer (IM Tric.Cl pH 8 , 0.5 M EDTA) containing 1
pg.mL"^ of RNase A (DNase free) and the samples incubated at 37 °C for
75
30 minutes before being frozen away.
Precipitation of DNA.
1. Ethanol precipitation. To a DNA solution the following was added: 2.5 
volumes absolute ethanol, 0.1 volumes of 3M NaOAc and 0.05 volumes 
of glycogen. This was precipitated at -20 °C for 16 hours, or on dry-ice for 
1 0  minutes.
2. PEG Precipitation. 30 pL m iniprep DNA and 50 pL 13% PEG, 1.5M 
NaCl, were added into a 1.5 mL eppendorf tube, and placed on iced water 
for at least 30 minutes, then centrifuged in a microcentrifuge at full speed 
for 20 minutes at 4 °C. The pellet was washed with 70% ethanol 3 times, 
the DNA pellet was air dried for 15 minutes and then resuspended in 
15 pL sterile milli-Q H 2 O.
2.3 Results and Discussion.
mRNA Purification.
The absorbance measurements showed a total yield of 62 pg of mRNA, 
and the A2 5 0  /A 2 gg ratio was 2.31. A ratio greater than 2 is required, which 
means that this mRNA is sufficiently free of protein contamination to 
suitable for use in the reverse transcriptase reaction.
First strand cDNA synthesis and PCR reactions.
A lthough ^^P labelled cDNA reactions could be run in parallel with 'cold' 
reactions as a check on the successful completion of the reaction, this 
procedure was found to be time consum ing and largely unnecessary, as 
the first strand cDNA synthesis was reliable and in the time taken to run 
the labelled cDNA on gels and wait for the results the PCR reactions could
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be carried out and analysed: figure 2 . 1  shows bands on the gel for both 
reactions and the positive control reaction (anti-lysozyme first strand 
cDNA), which indicate DNA of the correct size (340 bp). There is no band 
in the lane of the gel containing the reaction w ithout cDNA target, 
this control should ensure that the DNA amplified was the target cDNA. 
The Vpj genes were successfully isolated and amplified, once the gene had 
been isolated it was subjected to a Pst I and Bst Eli restriction enzyme 
digest, purified and ligated into a pMM cloning vector, previously treated 
to similar digestion and purification. The two restriction enzymes sites 
are introduced by the two PCR primers: PCR59 and PCR81, the sequences 
of these primers and the other PCR and cDNA prim ers used in this 
chapter are shown in table 2.1. The ligation reaction was transformed into 
E. coU JM109, several colonies were picked and grown in 2 TY amp. 
Samples of DNA purified from these cultures were subsequently digested 
with Pst I and Bst Eli and these digests run on an agarose gel (figure 2.2). 
Only those ligation reactions that were successful would have DNA with 
a V h  insert. This shows that for most of the cultures where DNA was 
isolated, there was a insert. Lane number 2  showed the cleanest digest, 
and the DNA used for this digest was used for the sequencing reactions. 
Some of the culture remains were streaked onto a plate and several 
colonies picked and grown, to clone purify. The procedure of DNA 
isolation and restriction digest was repeated as just described, and the 
culture from which the cleanest DNA and digest derived was used to 
make a glycerol slant.
The gene was sequenced in this vector, and enough DNA sequence was 
elucidated to show it was a novel Vj^ gene. One noteworthy point was 
that the gene contained an internal Xho I site. No protein sequence data
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was available from the monoclonal antibody, but since no similar 'rogue' 
sequence problem exists for variable heavy chain genes, the only problem 
in isolating the wrong gene would be contamination in the PCR reaction 
of some other heavy chain gene. Since the gene isolated is novel, and 
from the experience in the Colworth laboratory where no problems have 
been encountered with V y gene isolation, it can be assumed with some 
confidence that the correct gene has been isolated.
1 2 3 4 5
size (bp)
14 057 —
805 —
Figure 2.1 Heavy chain PCR reactions on an agarose gel.
Lanes: 1. reaction
2. reaction
3. X phage DNA, Pst I digest
4. positive control (anti lys. heavy chain cDNA)
5. negative control ( no cDNA)
size (bp)
14 057 —
X 1 2 3 4 5 6 7 8 9  10 11 12 X
805 —
514 —
339 — 264 —
Figure 2.2 P st 1 /  B s t  EH restriction enzyme digest of pMM vector with Vpp DNA insert.
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First strand cDNA synthesis primers.
Heavy chain:
MG08 GAT AGA GAG ATG GGG GTG TCG TTT
Light chain:
MK09 AGA TGG ATA GAG TTG GTG GAG GAT
PCR174 TGA GTG GAT GGT GGG AAG ATG GAT AGA
PCR primers:
Heavy chain:
5'-PCR59 AGG T ( G / G )  (A /G )  A ( A / G ) G  A G (G /G )  AGT A ( A / T ) G  G
3 '-PCR81 TGA GGA GAG GGT GAG GGT GGT GGG TTG GGG GG
Light chain:
5'-PCR90 GAG ATT GAG GTG AGG GAG TGT GGA *
PCR175 GAA ATT G T ( G /T ) GTG A G (G /A ) G A (G /A )  TGT GG
PCR176 GAG ATG GAG ATG AG (G /A ) GAG ( T /A ) G T  ( G /A ) G
PCR177 GAT ATT GTG ATG A C (G /A ) GAG G ( G / A ) T
PCR178 GAT GTT GTG ATG AGG GAA AGT GG
PCR179 A ( A / G ) ( T / G ) ATT GTG ATG AGG GAG ( A /T ) G T  G
PCR185 GAG GTG GTG ATG AGG GAG ( T / A  G /G  T /G )  GG
3'-PCR116 GTT TGA TGT GGA GGT TGG TGG G *
PCR154 GGG TTT TAT TTG GAA GTT TGT GGG *
Table 2.1 Primers used for first strand cDNA synthesis and PCR reactions.
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The PCR isolation and amplification of the variable light chain gene 
proved to be a m uch more difficult problem. The original prim er set 
(PCR90 and PCR116, sequences in table 2.1), proved inadequate as no 
products were obtained unless very low annealing tem peratures were 
used; which resulted in low stringency and several unw anted gene 
products. A gene product of the correct size (325 bp) was obtained but the 
band appeared very faint on the gel (data not shown). After ligating the 
correct size gene product into a sequencing vector, subsequent sequence 
analysis showed to this to be the variable light chain gene from the anti- 
lysozyme Fv, as this fragm ent had previously been cloned in this 
laboratory, a contamination of this DNA was in the sample and been 
subsequently isolated by PCR. When this process was repeated and the 
subsequent gene resulting from the primers PCR90 and PCR154, was 
subjected to DNA sequence analysis, the gene proved to be a rogue 
sequence. From the problems in obtaining any gene products, and the 
subsequent sequence results it became obvious that the gene could not be 
cloned from the primers previously used in the lab. To clone the 
gene, a non-PCR method may have been used, or if the PCR route is to be 
developed a new set of primers for the isolation of the light chain DNA 
would be needed, it would also be helpful to be able to process the correct 
size DNA fragments sequence more quickly. Because the primer for the 
first strand cDNA synthesis may preferentially isolate the rogue light 
chain mRNA, it would be wise to try different first strand cDNA primers. 
At first a non-PCR approach was attempted which was unsuccessful. The 
availability of an automated DNA sequencer, which meant that a number 
of PCR products could be analysed directly w ithout the need for cloning 
into a vector, together with a new number of 5' primers (Leung et a l, 
1993) designed to negate the problem of isolating rogue sequence DNA,
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gave hope of isolating the gene by PCR. A primer was also designed 
from the light chain amino acid sequence (PCR185), the sequence of this 
and the other primers used are shown in table 2.1. A large scale PCR 
reaction was run  using four different cDNA reactions; using two 
different cDNA primers; and positive and negative reactions (w ithout 
mRNA target) for each primer. For each of these a separate PCR reaction 
was run w ith every combination of the seven 5' primers w ith each of the 
two 3' primers. Results of the PCR reactions can be seen in figure 2.3. This 
shows several reactions which have bands of the correct size, where there 
are no corresponding bands in the negative control reactions. Primer 
combinations which give bands in the negative control reactions that 
correspond to the bands in the positive reactions are likely to have 
amplified a contamination.
The rem aining volum e of the prom ising reactions were run  on an 
agarose gel and bands of the correct size purified direct from the gel. These 
were then sequenced directly using an automatic sequencer - not having 
to place all the genes into a suitable vector and test for positive ligations 
allows the sequence results of this PCR reaction to be processed much 
more quickly. These sequence results showed a number of the genes were 
found to be rogue sequence. One gene using the primer PCR174 in the 
first strand cDNA synthesis and primers PCR116 (3') and PCR179 (5') in 
the PCR proved to match the small amount of protein sequence 
data available (20 amino acids) and therefore almost certainly the correct 
gene product. The sequence also revealed an internal Pst I site that would 
be relevant in creating the final construct. The prim ers used in this 
experiment did not have any restriction enzyme sites, the cloned light 
chain gene was reacted in a further PCR reaction using the primers PCR90
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5' primers
90 176 178 185
X 175 177 179 X
339 —
339 —
90 176 178 185
X 175 177 179 X
positive reactions
339 —
negative controls 
339
90 176 178 185
X 175 177 179 X
339 —
339 —
positive reactions
339
negative controls
90 176 178 185
X 175 177 179 X
339 —
“1 • 1 -
Primers used:
1 cDNA: MK09 
3': PCR116
5:' a ll
cDNA MK09 
3': PCR154
5': a ll
cDNA: PCR174 
3': PCR116
5': a ll
cDNA PCR174 
3': PCR154
5': a ll
Figure 2.3 Agarose gels of PCR reactions.
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(5') and PCR116 (3') to add the Sac I and Xho I restriction enzyme sites 
required for subsequent ligation.
Construction of final Fv E3G myc pUC 19 plasmid.
A  modified pUC 19 vector was used as an expression plasm id for the 
variable genes of the anti-E3G antibody. This vector has been modified 
(Better et al., 1988; Ward et al, 1989; Orlandi et al., 1989) to have the pel B 
leader sequence up-stream  from each variable gene; these direct the 
expressed protein to the periplasm where the two chains associate. A map 
of the construct containing the two genes can be seen in figure 2.4.
Fv E3G myc pUC 19
pel B Vpj E3G pel B E3G myc pUC 19
H in  d lll P s t  I
I I
B st Eli Sac I X h o  I Eco RI
Xho  I P s t  \
Figure 2.4 Representation of the final Fv E3G myc pUC 19 vector.
Because of internal restriction enzyme sites found in both {Xho I) and 
Vpj {Pst I) genes, it would not be possible to ligate both genes into the one 
vector, as for example, after ligating the into the vector the subsequent 
Sac l/Xho I restriction digest to remove anti-lysozyme DNA, would 
cut the newly added anti-E3G Vj_| DNA at the Xho I site. Therefore the 
following strategy was employed: Staring from the plasm id for expression 
of the anti lysozyme Fv: Fv lys myc pUC 19, and the pMM vector
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containing the gene, a Pst I and Bst Eli restriction digest was carried 
out on both plasm ids. Both reactions were run on agarose gels and the 
Vpj E3G gene and the Fv lys. myc pUC 19 vector without the anti- 
lysozyme Vy gene were purified from the gel. The gene was ligated 
into this vector, transformed in £. coli JM109, as previously described. 
From the transformation plates, 24 colonies were picked, grown in 2TY 
amp /  glucose, the DNA purified and a Xho I restriction digest performed 
on each DNA sample and the reactions run on an agarose gel. Because of 
the internal Xho I site in the E3G gene, the gel will show a band of 
about 560 bp where there was a successful ligation, as there are now two 
Xho I sites (figure 2.5). Sample number 14 was the cleanest, and this DNA 
was used in subsequent reactions.
X clones No.1-12
X clones No.12-24
Figure 2.5 Pst l / B s t  Eli restriction digest of E3G V^lys myc pUC 19 showing clones with 
a positive ligation of heavy chain DNA.
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The V l PCR product with the Sac I and Xho I restriction enzyme sites and 
some more of the Fv lys myc pUC 19 vector were digested with these 
enzymes. The anti-E3G Vj^  DNA and the Fv lys myc vectoi> without the 
anti-lysozyme were purified from the gel and ligated. The ligated 
vector was transformed in E, coli JM109 and colonies were picked and 
grown as for the gene ligation. Because of the internal Pst I site a 
digest with this enzyme would show successful ligations, as only vectors 
with the anti-E3G would give a band of around 600 bp (figure 2.6). This 
shows that most of the vectors contain anti-E3G DNA insert. Number 
5 was chosen as the cleanest digest and used in the making the final 
construct. To avoid the problem of the the X ho I and the Pst I internal 
restriction sites the final construct was prepared by removing both 
myc genes by a Sac I and Eco RI digest, and the appropriate parts purified 
from the gel: E3G lys myc pUC 19 (-V^ lys myc) and P^G myc.
These were ligated and the ligated vector transformed. Again a Pst I 
restriction enzyme digest would show a successful ligation, (figure 2.7).
As each of the three different pUC 19 vectors were made, the colony 
which gave the best results was regrown and clone purified then made 
into glycerol slants. This allows more of any of these plasmids to be 
grown and purified when necessary. The final construct was purified in 
large amounts and a large part of this was further purified using PEG 
precipitation. This purified DNA was used in several sequence reactions 
using an automated DNA sequencer - again carried out by Dean 
Sibthorpe. The sequence for the two cloned variable genes are shown in 
table 2.2 and 2.3.
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1 2 3 4 5 7 8 9 10 11 12
Figure 2.6 S a c l / X h o l  restriction digest ofV% lys E3G myc pUC 19 showing clones with 
a positive ligation of light chain DNA.
1093
805
514
468
Figure 2.7S a d  /  X h o l  restriction digest of Fv E3G myc pUC 19 showing clones with a 
positive ligation of light chain DNA.
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base no. a.a. no.
GAC GTG GAG GTG AGG GAA AGT GGA GGG TGG -  3 0
D I E L T Q T P P S -  1 0
CTG GGT GTG AGT GTT GGA GAT GAG GTT TGG -  6 0
L P V S L G D Q V S -  2 0
ATG TGT TGG AGA TGT AGT GAG AGG GTT GTG -  9 0
I S G R S S Q S L V -  3 0
TGG AAT AAT AGA AGG AAG TAT TTA GAT TGG - 1 2 0
S N N R R N Y L H W — 4 0
TAG GTG GAG AAG GGA GGG GAG TGT GGA AAG - 1 5 0
Y L Q K P G Q S P K -  5 0
GTG GTG ATG TAG AAA GTT TGG AAG GGA TTT - 1 8 0
L V I Y K V S N R F -  6 0
TGT GGG GTG GGA GAG AGG TTG AGT GGG AGT - 2 1 0
S G V P D R F S G S -  7 0
GGA TGA GGG AGA GAT TTG AGA GTG AAG ATG - 2 4 0
G S G T D F T L K I -  8 0
AGG AGA GTG GGG GGT GAG GAT GTG GGA GTT - 2 7 0
S R V A A E D L G L -  9 0
TAT TTG TGG TGT GAA AGT TGA GAT GTT GGG - 3 0 0
Y F G S Q S S H V P - 1 0 0
GTG AGG TTG GGT TGT GGG ACC AAG GTG GAG - 3 3 0
L T F G S G T K L E - 1 1 0
ATG GAA CAA AAA CTC ATC TCA GAA GAG GAT - 3 6 0
I E Q K L I S E E D - 1 2 0
CTG AAT TAA 
L N
Table 2.2 DNA and derived protein sequence of anti-E3G antibody light chain variable 
gene witii myc tail. Hie myc tail DNA and amino acid sequences are shown in italics.
87
base no. a.a. no.
CAG GTG GAG GTG GAG GAG TGT GGG GGT GGG -  3 0
Q V Q L Q E S G G G -  1 0
TTG GTG AAG GTT GGA GGG TGT ATG AGT GTG -  6 0
L V N L G G S M T L -  2 0
TCG TGT GTA GGG TGT GGA TTG AGT TTG AAT -  9 0
S G V A S G F T F N -  3 0
AGG TAT TAG ATG TGT TGG GTT GGG CAG AGT - 1 2 0
T Y Y M S W V R Q T -  4 0
GGA GAG AAG AGG GTG GAG TTG GTG GGA GGG - 1 5 0
P E K T L E L V A A -  5 0
ATT AAT AGT GAT GGT GAA GGT ATG TAT TAT - 1 8 0
I N S D G E P I Y Y -  6 0
GGA AGA GAG TTG AAG GGG GGA GTG AGG ATG - 2 1 0
P D T L K G R V T I -  7 0
TGT GGA GAG AAT GGG AAG AAG AGG GTA TAG - 2 4 0
S R D N A K K T L Y -  8 0
GTG GAA ATG AGG AGT GTG AAG TTT GAG GAG - 2 7 0
L Q M S S L N F E D -  9 0
AGA GGG TTA TAT TAG TGT GGA AGA GTT AAT - 3 0 0
T A L Y Y G A R L N - 1 0 0
TAG GGG GTG TAT GGT ATG GAG TAT TGG GGG - 3 3 0
Y A V Y G M D Y W G - 1 1 0
GAA GGG AGG AGG GTG AGG GTG TGG TGA TAA
Q G T T V T V S S
Table 2.3 DNA and derived protein sequence of anti-E3G antibody heavy chain variable 
gene.
2.4 Conclusions.
Although the heavy chain variable gene was cloned w ithout difficulty, 
the presence of rogue light chain variable genes in hybridoma cells, and 
an initial poor selection of 5' primers made cloning of the anti E3G 
gene difficult. With the likelihood of pulling out rogue sequences, the use 
of an automated sequencer along with the new primers was a much more
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efficient m ethod of cloning light chain variable genes: firstly by 
multiplying the probability of obtaining the right gene; and secondly, by 
allowing rapid screening of these products by negating the need to place 
all these genes into vectors. The use of a large variety of primers also 
gives every chance possible of by-passing the 'rogue' sequence problem.
Internal restriction endonuclease sites in both the and genes 
required a slightly convoluted process of constructing the final plasm id, 
but was extremely useful in providing a rapid method of differentiating 
DNA which had the correct insert present. This was especially important 
where there was a significant count on transform ation plates for the 
negative control ligation. This meant once DNA from each culture was 
checked by the restriction enzyme digest, that this DNA and the culture 
itself could be used in subsequent reactions w ith confidence.
Once the genes are isolated there is a large scope of use for these genes to 
be placed in other plasm ids, for example; several plasm ids exist w ith 
different polypeptide tails, which can be of use in ELISA detection and 
also in purification. The variable genes could also be placed into a vector 
which contains the DNA which codes for a polypeptide linker between 
the C-terminus of the V g and the N-terminus of the V^. This would 
create a scFv which can provide a more stable fragment that is possible to 
use in different expression systems.
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Chapter 3.
D etection , Specificity, Com petition and 
Inhibition of Fv E3G myc by Enzyme Linked 
Im m unosorbent A ssay (ELISA)
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Abstract
The expressed Fv fragment was subjected to a number of immunological 
tests' using ELISAs and blots to determine several important properties of 
the recombinant protein. These assays showed the Fv E3G myc antibody 
fragment was firstly being expressed, the fragment was active in binding 
E3G and was specific to this antigen. It was also demonstrated that the Fv 
fragm ent com peted against the pa ren t antibody and in sufficient 
concentrations could inhibit binding of the parent antibody to an E3G- 
alkaline phosphotase conjugate (E3G-AP). An assay for detection of the Fv 
fragment was developed that does not rely on binding of the myc tail.
3.1 Introduction
The completed plasm id from Chapter 2 is to be used to express the anti- 
E3G Fv fragm ent and this pro tein used in immunological tests to 
determine several characteristics of the protein. By use of ELISA tests 
which rely on detection of activity by a series of recognition reactions by 
antibodies, we can detect properties such as activity and specificity of the 
Fv fragment, also competition w ith and inhibition against the parent 
mAb. Because of the sensitivity and selectivity of antibody binding these 
tests are very reliable as an indicator of the immunological properties of 
the expressed antibody fragment. It can often be the case that once the 
corresponding Fv fragment of a mAb can exhibit very weak binding in 
comparison to the parent mAb, therefore it is vital that the antibody 
fragm ent produced does bind the antigen in the first instance, and 
secondly that if good binding is detected that this effect is specific to the 
antigen. Once these properties have been demonstrated, information can 
be gained through developing assays that compare the properties of the 
antibody fragm ent in relation to its parent mAb. Once it has been
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dem onstrated that the fragm ent and monoclonal behave in a similar 
fashion there can be confidence that the fragment can be used and deliver 
the same results in its intended application in place of the more 
expensive mAb, produced from tissue culture. The ELISA used in the 
detection of initial activity depended on binding to a polypeptide tail. This 
may not be satisfactory for certain applications, therefore work in this 
chapter was also directed into developing an assay for activity that does 
no t rely on the presence of this polypeptide tail. With the successful 
development of these assays and the required properties demonstrated, 
the antibody fragment could then be confidently used in the required 
applications, and w ith strong enough binding a meaningful NMR study 
of ahtibody-antigen interactions can be implemented.
3.2 Materials and Methods
Expression and Detection of Fv E3G myc.
Colonies from the final transformation plate were picked and grown in 3 
mL of 2TY amp/glucose and grown until log phase, each sample was split 
into two parts: 2.5 mL was centrifuged at 5000 g for 5 minutes and the cells 
were resuspended in 5 mL of 2TY amp, 1 mM isopropylthiogalactoside 
(IPTG), and incubated at 25 °C for 16 hours (overnight) with shaking. Each 
culture was centrifuged at 5000 g for 10 minutes and the supernatant was 
kept, and lysates prepared from the cell pellet. The remaining 0.5 mL was 
added to 5 mL of 2TY am p/glucose and incubated w ith shaking for 16 
hours at 37 °C, and the DNA isolated by the alkaline lysis method.
Anti-VH  hlots.
For each supernatant and lysate sample from the IPTG induced cultures,
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5|iL was spotted onto a nitrocellulose filter, then the filter was dried for 5 
minutes at 37 °C. The filter was placed in a solution of anti-VH mAb,
diluted 1:5000 in PBSTA (--2.5 pg.mL"^), on a rocking platform  for 30 
minutes. The filter was washed three times in PBSTA then placed in a 
solu tion of anti mouse mAb-alkaline phospho tase conjugate, diluted 
1:1000 in PBSTA (-2.5 pg.mL"^), on a rocking platform for 30 minutes and 
washed as before. The filter was then placed into a solution of NBT and 
BCIP (150 pg.mL"^ BCIP, 300pg.mL'^ NBT, 1 M diethanolamine, 1 mM 
MgCl2  pH  9.8) again on the rocking platform until the colour developed.
ELISA for detection of Fv 4155 myc.
1. Conjugation: lOOpL of an E3G-ovalbumin complex (2jig.mL'l) in 
conjugation buffer (0.2M Na 2 COg, 0 .2 M NaHCOg) was placed into the 
appropriate wells of an ELISA plate and left at 4 °C for 16 hours 
(overnight).
2. Assay: For each step of the ELISA lOOpL samples were added to the 
appropriate wells and reacted for 1  hour at room temperature, the plates 
were then washed in a plate washer using three washes w ith PBSTA. 
Before adding the pom-nitrophenyl phosphate (PNPP) substrate the plate 
was washed five times, the reaction was left until colour could be seen 
and then the absorbance at 410 nm was read in a plate reader. The steps 
were as follows:
Step 1: Supernatant and lysate samples from the induced cultures were 
used neat or diluted two or 4 fold in PBSTA.
Step 2: Anti-myc antibody at 1:1000 dilution (2.68pg.mL'^) in PBSTA.
Step 3: Anti-mouse antibody/alkaline phosphotase conjugate at 1 : 1 0 0 0
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dilution in PBSTA (-2.5 pg.mL'^).
Step 4: 1 mg.mL"^ PNPP (1 mg.mL”^ ) in IM diethanolamine, 1 mM MgCl2 , 
pH9.8
ELISA for Specificity of Fv E3G myc.
1. Conjugation: Solutions of E3G-ovalbumin complex (2pg.mL“^ ), 
Haemoglobin, BSA and lysozyme (ail 10 pg.mL"^) in conjugation buffer 
were made up. A 96 well ELISA plate was marked into rows for different 
antigens and the appropriate antigens were placed into the appropriate 
wells in lOOpL samples and left at 4 °C for 16 hours (overnight).
2. Assay: Each step was carried out in the same way as described in the Fv 
E3G myc detection assay.
Step 1: Supernatant and lysate samples from the induced cultures were 
diluted 1:2, 1:4, 1:8, through to 1:64 in blocking buffer (2% BSA, 0.1% 
tween)
Step 2 to Step 4: Reagents the same as the Fv E3G myc detection assay.
Competition Assay of Fv E3G myc versus Parent Antibody.
1.Conjugation: The ELISA plate was conjugated w ith lOOpL of E3G 
ovalbumin complex as before except the concentration was 80 pg.mL'^.
2. Assay: For each step of the ELISA 100 pL samples were added to the 
appropriate wells and reacted for 1  hour at room temperature, the plates 
were washed in a plate washer using three washes w ith PBSTA at the end 
of each step. Before adding PNPP substrate the plate was washed five 
times. The reaction was left until colour could be seen and then the 
absorbance at 410 nm was measured in a plate reader. The reagents used
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in each step were as follows:
Step 1: Samples of 4155 mAb and various concentrations of Fv fragment
were reacted for 1  hour before being added to the plates
Step 2 : Anti-mouse antibody/alkaline phosphotase conjugate at 1:1000
dilution in PBSTA (-2.5 pg.mL"^).
Step 3: 1 mg.mL"^ PNPP (1 mg.mL"^) in IM diethanolamine, 1 mM Mg 
CI2 , pH  9.8
Inhibition Assay:
1. Conjugation: 100 pL of a 1:1000 solution of anti-mouse antibody (-2.5 
pg.mL"^) in conjugation buffer was placed into the appropriate wells of an 
ELISA plate and left at 4 °C for 16 hours (overnight).
2. Assay: For each step of the ELISA lOOpL samples were added to the 
appropriate wells and reacted for 1  hour at room temperature, the plates 
were then washed in a plate washer using three washes w ith PBSTA at 
the end of each step. Before adding PNPP substrate the plate was washed 
five times and the reaction was left until colour could be seen, the 
absorbance at 410 nm was read in a plate reader. The solutions for each 
step are as follows:
Step 1: A 1:1000 solution of 4155 MAb in PBSTA (-2.5 pg.mL"^).
Step 2: Samples w ith varying concentrations of E3G-AP and Fv E3G myc 
were reacted together for an hour before being used in the ELISA.
Step 3: 1 mg.mL"^ PNPP (1 mg.mL"^) in IM diethanolamine, 1 mM MgCl2 , 
pH  9.8
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Total Fv Assay.
Conjugation: 100 jiL of a 1:1000 solution of 4155 mAb (-2.5 pg.mL"^) in 
conjugation buffer was placed into the appropriate wells of an ELISA plate 
and left at 4 °C for 16 hours (overnight).
2. Assay: For each step of the ELISA lOOpL samples were added to the 
appropriate wells and reacted for 1  hour at room temperature, the plates 
were then washed in a plate washer using three washes w ith PBSTA at 
the end of each step. Before adding PNPP substrate the plate was washed 
five times and the reaction was left until colour could be seen and then 
the absorbance at 410 nm was read in a plate reader. The solutions for each 
step are as follows:
Step 1: E3G-AP at a final dilution of 1:500, and and the samples of Fv E3G 
myc at various dilutions were reacted for one hour at room temperature, 
before being added to the ELISA plate.
Step 2: 1 mg.mL"^ PNPP (1 mg.mL"^) in IM diethanolamine, 1 mM MgCl2 , 
pH  9.8
Preparation of supernatants and periplasmic Lysates.
The culture was spun at 5000 g for 20 minutes, and supernatants 
decanted. The cell pellet was resuspended in 0.1 volume (0.5 mL) of lysis 
buffer(20 % sucrose, 200 mM Tris.Cl pH 7.5; 500 pg.mL"^ lysozyme), and 
incubated at room tem perature for 10 minutes. A 0.1 volume of sterile 
milli-Q H 2 O was added and the sample incubated for another 10 minutes. 
This was placed into a sterile eppendorf tube, and centrifuged in a micro­
centrifuge at full speed for 5 minutes and the supernatants moved into a 
fresh tube - periplasmic lysate.
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3.3 Results and D iscussion
The detection and expression experiments were done in three parts, the 
results from these can be seen in figure 3.1 and table 3.1. The first part the 
Pst I restriction digest shows that from five of the colonies picked DNA 
was isolated, and for all of these the anti-E3G myc DNA, is present in 
the plasm id (this result is previously shown in Chapter 2). The anti-Vy 
blots show that again for all the clones except for number 5 (which did not 
grow) protein has been expressed. It also indicates that m ost of the 
recombinant protein is in the supernatant as the spots are much weaker 
for the corresponding periplasm ic lysates. This serves a useful purpose, 
because it will give proof of expression, even if the antibody fragment 
produced does no t bind to the antigen. Because the anti-Vj^ mAb was 
raised against the peptide that the primer PCR51 expresses, the antibody 
will bind to any Fv fragment that uses this primer when cloned. From the 
detection ELISA to show binding of E3G (of w hich a schematic 
representation is given in figure 3.2), these results indicate all the clones, 
apart from number 5, show anti-E3G activity, and because none of the 
negative controls gave positive results, this activity must be due to the 
expressed recombinant protein being active in binding E3G. The negative 
controls are deficient in one of the necessary reagents to give a positive 
ELISA result, therefore if none of these appear as positive we can be sure 
there is no background binding by any of the reagents, that is no binding 
of any of the reagents to the ELISA itself.
Now the expression and binding of E3G of the Fv fragment has been 
demonstrated it is important to show that the Fv fragment binding to E3G 
is specific. To do this the detection assay is repeated the with various other 
antigens. The results from this assay can be seen in table 3.2.
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Pst I digest.
k 1 2 3 4 5 6
1093
805
51 4
468
1 2 3 4 5 6
supernatants #  W"Q # e
lysates ® 1 
' 4 # e
positive control L
Figure 3.1 Results from expression and detection experiment: results of anti-V b lots and 
agarose gel of Pst I digest of final construct - Fv E3G myc pUC 19.
o PNPPAP PNP + Pi
E3G-ovalbumin Fv E3G myc anti-myc anti-mouse substrate
conjugate
Figure 3.2 Representation of the ELISA used for detection of E3G binding by the Fv 
fragment. (The specificity assay uses exactly the same scheme, but other antigens are used 
as well as E3G-ovalbumin).
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Sample number
11
ii
1 2 3 4 5 6
1:1 1.200 1.289 1.029 1.227 0.006 1.2031.133 1.234 1.318 1.315 0.009 1.269
1:2 1.257 1.225 1.192 1.245 0.013 1.0981.162 1.073 1.215 1.156 0.007 1.016
1:4 0.985 0.953 1.152 1.143 0.008 0.9331.147 0.959 1.145 1.163 
Sample number
0.005 0.923
1 2 3 4 5 6
1:1 0.956 0.472 0.796 1.168 0.007 0.3431.001 0.458 0.564 1.117 0.007 0.671
1:2 0.862 0.314 0.520 1.079 0.009 0.6560.860 0.339 0.551 0.908 0.006 0.764
1:4 0.614 0.132 0.427 0.694 0.006 0.6610.572 0.140 0.423 0.730 0.004 0.451
E3G Fv anti-myc conj. Absorbance
1 + + + + 0.942
2 + + + - 0.010
3 + + - + 0.008
4 + - + + 0.006
5 + - - + 0.008
6 + - + - 0.009
7 - + + + 0.003
8 - + + - 0.001
9 - + - + 0.001
10 - - + + 0.003
11 - - - + 0.002
12 - - + - 0.005
Table 3.1 ELISA results for detection of Fv E3G myc expression In E. coli culture 
supernatants and periplasmic lysates.
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E3 G“0 valbumin concentration (|ig/ml)
T*I
CO
3.2 1.6 0.8 0.4 0.2 0.1
0 0.001 0.006 0.001 0.053 0.002 0.001 —1 No
1.2 0.002 0.003 0.002 0.006 0.001 0.004 _ anti-myc
1:2 0.828 0.547 0.211 0.156 0.014 0.016 —
1:4 0.561 0.401 0.165 0.121 0.011 0.013
1:8 0.322 0.215 0.088 0.090 0.008 0.008 anti-
1:16 0.093 0.060 0.037 0.044 0.003 0.002 myc
1:32 0.006 0.007 0.022 0.129 0.005 0.004
0 0.004 0.016 0.040 0.119 0.058 0.039 —
Various antigens (4.0 )j,g/ml)
g
I
I
Haem. BSA Lys
0 0.000 0.001 0.083 No
1.2 0.001 0.001 0.020-----
anti-
myc
1:2 0.002 0.001 0.024
1:4 0.000 0.000 0.039
1:8 0.003 0.000 0.052
anti-
myc
1:16 0.020 0.002 0.0380
1:32 0.001 0.001 0.031-----
0 0.005 0.003 0.074
Table 3.2 Results of specificity ELISA for Fv E3G myc towards oüier antigens.
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These data demonstrate reduced binding when either the am ount of 
immobilised E3G-ovalbumin or the concentration of the supernatant 
containing the expressed Fv fragment is reduced as would be expected. 
More importantly the results show that there is no binding to either of 
the other antigens used: haemoglobin, bovine serum albumin (BSA) and 
lysozyme. The results for the lysozyme do show absorbance readings 
above background, but these also occur where there is no Fv present, and 
also where there is no anti-myc mAb present, so cannot be due to non­
specific binding of the anti-E3G Fv to lysozyme. The list of antigens used 
in this experiment is in no way exhaustive, bu t the activity of the 
antibody fragment to its own antigen and to the other antigens shown in 
this assay, it would be fair to assume that there is no significant activity to 
other antigens and that the binding is specific.
Competition Assay.
To further characterise the behaviour of this recombinant protein, an 
experiment is required to assess the Fv fragment in competition w ith its 
parent mAb. For the Fv fragment to bind E3G it m ust compete in the 
presence of the parent mAb, and therefore give an indication of the 
relative affinities of the two. It is evident that if there was to be an excess 
of E3G-ovalbumin bound to the plate, there would be no competition 
between the Fv fragment and its parent mAh, therefore the concentration 
of the E3G-ovalbumin m ust be limiting. The results from the specificity
assay show that at a concentration of 0.8 p,g.mL“^  of E3G-ovalbumin there 
is indeed a limiting concentration as there is increased binding with each 
increase in Fv concentration. In the described competition assay (figure 
3.3) any binding of the Fv fragment to the immobilised E3G ovalbumin in
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preference to the 4155 mAb would result in a reduced absorbance reading 
in the assay. The concentrations and results of this assay are shown in 
table 3.3. At the lower concentration of Fv there is no significant effect, 
bu t as the concentration is increased to around 1 : 8  of the original 
supernatant concentration the Fv starts to compete out some of the 
parent mAb binding to E3G-ovalbumin, which is shown by the reduced 
absorbance readings. The controls in this ELISA experiment only gave a 
positive result when all the reagents were present except the Fv fragment, 
and where any reagent required in the chain of binding reactions is 
m issing, there was no positive result. Because no p rotein has been 
purified from the supernatant there is no absolute concentration for the 
antibody fragment - as there is for the mAb, therefore a direct affinity 
comparison is not possible. Despite this lack of quantitative data, the assay 
tells us qualitatively that the Fv fragment is capable of competing out the 
parent antibody, which would not be possible if the fragment bound very 
weakly to the antigen.
0
>
PNPP
PNP + Pi
E3G-ovalbumin Fv E3G myc anti-mouse
and 4155 mAb conjugate
substrate
Figure 3.3 Representation of tlie competition ELISA, used in demonstrating tlie Fv fragment 
competes with its parent mAb (4155).
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Fv s u p e r n a t a n t c o n c e n t r a t io n
I 0 1:128 1:64 1:32 1:16 1:8 1:4 1:21.0 1.060 0.825 0.901 0.941 0.788 0.705 0.613 0.526
0 1.049 1.023 0.987 0.930 0.861 0.779 0.683 0.583i 0.5 0.789 0.778 0.703 0.764 0.668 0.481 0.393 0.3730.767 0.831 0.795 0.748 0.687 0.533 0.440 0.396e 0.25 0.602 0.617 0.584 0.507 0.514 0.440 0.295 0.238I 0.660 0.661 0.611 0.579 0.484 0.445 0.372 0.231
Experiment Controls
Number E3G 4155 /  Fv anti-mouse Absorbance
0.721
0.016
0.010
0.011
0.009
0.010
0.011
0.010
Table 3,3 Results of ELISA to demonstrate that Fv E3G myc competes with its parent mAb.
Inhibition assay.
This assay (figure 3.4) relies on inhibition of 4155 mAb binding an 
estrone-3-glucuronide-alkaline phospho tase conjugate (E3G-AP), by 
adding Fv E3G myc to inhibit this binding. Again if there was poor 
binding of the of the recombinant antibody fragm ent to the E3G-AP 
conjugate the fragment would be easily displaced by the mAh. Before this 
assay can be run it is im portant that there is not an excess of E3G-AP 
conjugate, if this was the case, if inhibition did occur it would not be 
detected as the excess E3G-AP would still bind the 4155 mAb therefore not 
affecting the final absorbance reading. By using varying concentrations of
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4155 mAb and E3G-AP conjugate the limiting concentration of E3G-AP 
was determined. The results of this test assay was to show that any of the 
dilutions of the E3G-AP conjugate used (from 1:250 - 1:1000) w ould be 
suitable. A concentration of 1:500 was chosen as the maximum for the 
inhibition assay and also concentrations of 1 : 1 0 0 0  and 1 : 2 0 0 0  were used. 
The results obtained from this assay are displayed table 3.4. These 
demonstrate, that even at low concentrations of Fv, the E3G-AP binding 
of the Fv fragment inhibits the binding of the conjugate to the parent 
monoclonal. Therefore even at large excess of mAb, this does no t displace 
Fv binding from the E3G-AP conjugate.
anti-mouse 4155 mAh
E3G-AP
Fv E3G myc 
and E3G-AP
PNPP
PNP + Pi
substrate
Figure 3,4 Representation of the ELISA used to demonstrate the inliibition of 4155 mAb 
(parent antibody) by Fv E3G myc.
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Fv supernatant concentration
0 1:128 1:64 1:32 1:16 1:8 1:4 1:2
g
1:500 0.755 0.389 0.271 0.193 0.101 0.054 0.025 0.019
1
0.788 0.403 0.279 0.198 0.093 0.061 0.036 0.019
1:1000 0.416 0.171 0.128 0.086 0.042 0.029 0.012 0.0090.334 0.193 0.123 0.087 0.055 0.032 0.018 0.013
o
1:2000 0.230 0.101 0.075 0.050 0.031 0.015 0.012 0.0110.224 0.109 0.078 0.052 0.032 0.019 0.012 0.018
Controls
Number anti-mouse 4155 E3G-AP /F v Absorbance
1 + + + _ 0.658
2 + + - + 0.008
3 + - + - 0.000
4 + - - + 0.006
5 - + + 0.006
6 - + - + 0.009
7 - - + - 0.003
8 - - - + 0.005
Table 3.4 Results of ELISA used to determine that Fv E3G myc can inhibit binding of the 
parent 4155 mAb to E3G-AF.
Total Fv assay.
When antibody fragments w ith myc peptide tails are expressed in E. coli 
cultures this tail can often be subject to proteolysis, and since the detection 
of the anti E3G antibody fragment depends on binding of this tail by the 
anti-m yc mAb, loss of this tail w ould result in apparently  low 
concentrations of active protein. This assay has also made it possible to 
quantify  concentrations of expressed anti-E3G Fv fragm ent in 
supernatants and periplasm ic lysates, when compared against standards 
of the purified recombinant protein at known concentration. This assay 
was shown to be of particular use in the optimisation of expression of the
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Fv fragment (Chapter 4). It is dear from the plan of this assay (figure 3.5) 
that an excess of the E3G-AP conjugate would result in positive detection 
of the PNP product despite the presence of the anti-E3G Fv fragment, 
therefore the conjugate m ust be at limiting concentration. To find this 
concentration an assay m ust be carried out without any Fv to determine 
this limiting concentration, at all concentrations from 1:250 to 1:2000 the 
E3G-AP was found to be at limiting concentration. A dilution of 1:500 of 
the E3G-AP conjugate was decided as the suitable concentration for the 
total anti-E3G Fv assay. The assay was now suitable to be applied in 
quantitative assays for determining the concentration of active protein in 
cell cultures.
< t
E3G-AP
4155 mAb Fv E3G myc 
and E3G-AP
PNPP
PNP + Pi
substrate
Figure 3.5 Representation of the ELISA developed for detection of Fv binding to E3G, that 
does not rely on the myc tail.
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3.4 Conclusions
The successful cloning of the two variable light and heavy chain genes 
into the expression vector described in the previous chapter had provided 
the means to express the recombinant protein in a bacterial culture. The 
initial experiment proved the correct construct was indeed produced, that 
protein was being expressed in the a n ti -V b lo ts ,  and from the initial 
ELISA experiment, that the expressed recombinant protein was active in 
binding E3G. Because the protein was to be used in a NMR study of the 
antibody-antigen interaction this was vital. The parent monoclonal 
antibody was developed to be used in a diagnostic test, because of the cost 
of producing intact antibodies from mammalian cell cultures it is vital 
that the Fv fragment - if it is to replace the use of the mAb - shows 
specificity to the antigen, and that the recombinant protein demonstrates 
the same properties as the pa ren t mAb. The specificity ELISA 
demonstrates this selectivity, although if the fragment was to be used in 
preference to the mAb it would have to be tried against the large panel of 
antigens that the panel of mAb raised against E3G was in its selection, as 
the role the fragm ent w ould need to fulfil it w ould need to show 
specificity over many molecules of similar structure to the antigen. The 
fact that the Fv fragment shows good competition against its parent 
antibody, and also good inhibition of 4155 mAb-E3G binding, w ould 
suggest strongly that these properties are very similar. This may be due to 
the small nature of the antigen; the strong avidity effects seen in some 
mAbs, which lead to much improved binding over their Fv counterparts, 
are not important. From these reactions there can be confidence that the 
protein will be suitable for both the desired applications.
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Chapter 4.
Expression and Purification of Fv E3G myc.
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Abstract
To fully exploit the use of recombinant Fv fragments, it is important that 
significant quantities of the protein can be expressed and subsequently 
purified. This chapter describes the optimisation of expression levels of 
the recombinant protein in E. coli, using two different media, and the 
m ethod of purification of the protein from the cell cultures. Initial 
expression levels were found to be low: 1 mg.L"^. Problem s of 
dénaturation of the protein especially in the unlabelled celtone media 
(Martek Biosciences) were overcome by using this media buffered with
phosphate buffer. Expression levels of up to 4 mg.L"^ were then obtained. 
Purification of the Fv fragment was achieved by affinity chromatography, 
relying on the different affinities of the Fv fragment to antigen analogues.
4.1 Introduction
The ability to express Fv an tibody fragments in bacterial or yeast 
expression systems represents a significant advantage over mAbs isolated 
from tissue culture. The reduced cost of producing proteins in bacterial 
culture open up the range of commercial applications to which these Fv 
fragments can be applied. A llied w ith the use of m odern molecular 
biology techniques such by-passing immunisation (Marks et a l, 1991), 
which opens up exciting developments in their use as therapeutic agents, 
the potential of these molecules are massive.
Bacterial and yeast expression systems (Plückthun, 1990; Plückthun and 
Skerra, 1989; Better et aL 1988; Skerra and Plückthun, 1988; Horwitz et al. 
1988; Wood et al. 1985; Ridder et al. 1995; Nyyssônen et al. 1993; zu Putlitz 
et al. 1990) allow the quantities required for structural studies by X-ray
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crystallography and NMR to be obtained more easily, together w ith 
isotopic labelling and the size of the Fv fragment it is possible to elucidate 
the full solution structure of these proteins by NMR. When molecular 
biology mutagenesis techniques are allied to structural studies of these 
mutagens, a far better understanding of the specific nature of antigen- 
antibody binding can be obtained.
In this chapter work in optimising expression levels of the recombinant 
protein in different media is described. Because of dénaturation of the 
protein during the culture experiments, a number of derivative media 
were m ade from the comm ercially available celtone media. The 
quantitative analysis of each culture for active Fv fragm ent was 
accomplished using the assay for Fv detection that does not rely on the 
myc tail (developed in Chapter 3).
When purifying mAbs and Fab fragments, the constant regions on these 
allow easy affinity purification, as the Fv fragments do not have any 
constant regions, affinity purification therefore, m ust rely on the 
specificity of the antigen. The mAb and Fab purification can be mimicked 
by using polypeptide tails at the end of the V|  ^and using antibodies raised 
against these in purification. In this chapter a purification m ethod is 
described that relies on the different affinities of various an tigen 
analogues to the anti-E3G Fv fragment.
4.2 Materials and Methods
Plasmid Stability.
From cultures of the plasm id in E. coli on 2TY plates different colonies 
were selected, and streaked onto 2TY amp plates. Two colony types were
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found and for both colony types a single colony was picked and grown in 
10 mL BHI, and incubated overnight at 37°C. For each colony type 
duplicate samples were set up at 25 °C, 30 °C and 37°C, and these samples 
were monitored at 7 and 11 hours. At 7 hours identical samples were set 
up which were allowed to grow overnight so these could be monitored at 
17 hours. The cultures were set up as follows: 100 mL of M9F, 5 mL yeast 
extract (10%), 1 mL thiamine (0.01%), 200pL MgSO^ (IM), and lOOpL 
CaCl2 , was inoculated with 1 mL of the overnight culture in BHI (brain- 
heart infusion) in a 250 mL baffle flask. These were grown at the required 
tem perature with shaking (200 rpm) for the required time. 1 mL samples 
were taken from each sample at the required times, and a series dilution 
of each sample was made in sterile saline from a range of 10"  ^ -10"^. For
each sample 50 pL of the 10"^ through to the 10”^  dilutions were pipetted 
onto 2TY plates, (three 50pL samples per plate) and onto 2TY amp plates 
in an identical manner.
Production screen of Fv 4155 myc pUC 19 E. coli JM109.
For one particular colony type an overnight culture was set-up in BHI as 
before. Cultures were set up for each temperature (25 °C, 30 °C or 37°C) for 
each different length of induction time (7, 11 or 17 hours) and again in 
duplicate for each condition (18 flasks). The cultures were set up as 
follows: 100 mL of M9P and 5 mL yeast extract (10%), 1 mL thiamine 
(0.01%), 200pL MgSO^ (IM), and lOOpL CaCl2 , was inoculated with 1 mL of 
the overnight culture in BHI in a 250 mL baffle flask. These were grown at 
the required tem perature w ith shaking (200 rpm) then induced w ith 
lOOpL IPTG (0.5M).at the required time for each flask. For each flask 
samples were taken prior to induction (1 mL samples), after 24 hours
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growth and after 48 hours grow th (both 1 mL and 5 mL samples). The 
samples were analysed as follows.
Pre-induction samples: Mable counts were made as for the plasm id 
stability experiment.
24 hour and 48 hour 1 mL samples: Viable counts were made as for
the plasm id stability experiment, then the absorbance of the 10"  ^ d ilu tion
was measured at 600 nm against a 10"  ^ dilution of the growth media in 
sterile saline as a reference.
24 hour and 48 hour 5 mL samples: Supernatants and periplasm ic 
lysates were prepared and these samples were analysed w ith the specific 
E3G assay using 0.5, 0.25 and 0.125 dilutions.
Purification of Fv 4155 myc.
1. Preparation of Estrone linked sepharose: 4 g of CMB epoxy 
sepharose (Pharmacia) was allowed to swell in 250 mL of milli-Q HgO for 
45 minutes. This was washed by filtration with 1 litre of milli-Q, then 200 
mL of 85% DMF (pH 13). 50 mg of estrone was dissolved in 8 mL of DMF 
and the sepharose added to this and placed in a hybridisation oven at 45°C 
w ith rotation overnight (16 hours). The sepharose was w ashed by 
filtration w ith 200 mL of of 85% DMF, then with 1 L milli-Q H 2 O and 
packed into a P16 column (Pharmacia). The column was washed through 
with milli-Q H 2 O.
2. Column purification: 5M NaCl was added to the cell supernatant 
or periplasm ic lysate to a final salt concentration of 1 M. This was loaded
on the column at 3 mL.min."^. After loading the column was washed 
w ith PBS A. The protein was eluted with 10 mL of estradiol glucuronide 
(0.2 mg.mL“^ ), and the eluted material put through a gel filtration column
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to remove excess estradiol glucuronide. The column was then washed 
w ith 50 mM citric acid, followed by PBSA to clean it prior to the next 
usage.
4.3 Results and D iscussion
Plasmid stability.
The results of the plasm id stability experiments are shown in table 4.1. 
The stabilities after 7 hours show that in general the type II colonies show 
excellent stability for each tem perature, apart from w hat appears an 
anomalous result for culture number 11. The observations for the type I 
colony are less encouraging, in general stability is poorer for the higher 
temperatures as would be expected. The 11 hour results suggest that that 
both colony types are stable, in some cases more so than the 7 hour 
reactions. Because the 11 hour results m atch m uch better betw een 
duplicate samples, these would be more reliable. Again after 17 hours 
plasm id stability is excellent for both colony types apart from at 37 °C, 
where there is a definite reduction in stability. Since the duplicates give 
similar results these results would seem valid. The results show that both 
colony types have plasm ids which remain stable for the length of time 
needed to acquire biomass before induction with IPTG, so that production 
screens will have to be carried out for both colony types.
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Plasmid Stability (%)
No. Colony Temp. 7 hours 11 hours 17b
1 Type I 37 20 100 -
2 Type I 37 67 100 -3 Type I 30 21 65 -
4 Type I 30 34 62 -5 Type I 25 40 100 -6 Type I 25 40 100 -7 Type II 37 100 100 -
8 Typell 37 100 81 -
9 Type II 30 100 100 -
10 Type II 30 100 100 -
11 Type II 25 56 100 -
12 Typell 25 100 52 -
13 Type I 37 - - 72
14 Type I 37 - - 7715 Type I 30 - - 61
16 Type I 30 - - 100
17 Type I 25 - - 100
18 Type I 25 - - 10019 Type II 37 - - 6920 Type II 37 - - 5821 Type II 30 - - 10022 Type II 30 - - 9223 Type II 25 - - 10024 Type II 25 - - 100
Table 4.1 Results of plasmid stability experiments of type I and type II colonies of Fv E3G 
myc pUC 19 E. coli JM109 in M9P and yeast extract.
Type II production screen in MSP and YE (yeast extract).
Results from this production screen show very little production of Fv, 
compared to the samples grown previously for use in ELISA experiments. 
It was concluded there may have been a problem with the batch of IPTG 
that was used. A test experiment showed this not to be the case, therefore 
this colony type is probably no use for expressing the recombinant 
protein.
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Type I production screen in M9P and YE.
Again cultures were grown in duplicate at the required temperature and 
induction time. Results from the samples taken are shown in table 4.2. 
The plasm id stability data shows that the stability is generally very good 
prior to induction and this generally remains the case except for two 
exceptions: all the 37 °C samples loose most of the plasm id at 24 hours, 
although, again there is poor comparison between some of the duplicates. 
The pre-induction absorbance measurements as expected show higher 
levels of grow th for the samples at higher tem peratures and longer 
induction times, but all continued growth after induction. The ELISA 
results indicate that the best conditions for the type I colony type in M9P+ 
YE are 25 °C, 7 hours induction time and a growth of 24 hours. One other 
point is their is very little activity in the periplasm ic lysate samples, so 
nearly all of the protein was in the cell supernatant. When these samples 
are analysed against a series dilution of known concentrations of anti-E3G
Fv the best expression levels are at best 1 mg.mL"^. This assumes that the 
purified Fv used as a standard is 100 % pure, that there is no loss of 
activity on purification and all the protein can be recovered from the 
media. The mild purification conditions will not affect activity bu t it is 
certain that the protein will not be 100 % pure and that all the protein will 
not be recoverable, therefore the estimated value will be a best guess, and 
the amount recovered would be lower than this. This value is still too 
low for producing significant amounts of labelled material.
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Culture Conditions Absorbance Plasmid Stability
No. Temp. Induction PI. 24 hr. 48 hr. P.L 24 hr. 48 hi'.
1 37 7 hr. 2.063 1.703 2.182 100 2 112 37 7 hr. 2.075 2.066 2.257 100 2 533 30 7 hr. 1.813 1.754 2.350 47 17 1004 30 7 hr. 1.787 1.830 2.384 59 11 1005 25 7 hr. 1.164 1.148 2.080 11 91 356 25 7 hr. 1.219 0.837 2.210 63 100 87
7 37 11 hr. 0.923 1.756 2.212 63 3 18 37 11 hr. 1.165 1.976 2.453 57 3 729 30 11 hr. 1.462 2.053 2.261 100 100 9610 30 11 hr. 1.503 2.114 2.290 81 95 10011 25 11 hr. 0.802 1.328 1.592 60 100 4312 25 11 hr. 0.812 1.320 2.128 82 4 74
13 37 17 hr. 1.802 1.774 2.051 2 0 014 37 17 hr. 1.980 1.732 2.454 4 0 015 30 17 hr. 1.130 2.015 2.156 67 100 10016 30 17 hi'. 1.381 2.174 2.304 78 100 6117 25 17 hr. 1.407 1.943 2.307 95 65 10018 25 17 hr. 1.362 2.034 2.325 100 65 100
Table 4.2 (A) Plasmid stability and cell culture absorbance results from a type I production 
screen in M9P and yeast extract.
Supernatants:
Culture Conditions Absorbance after 24 hours Absorbance after 48hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
5 25 7 hr. 0.318 0.167 0.082 0.010 0.010 0.0116 25 7 hr. 0.646 0.422 0.188 0.009 0.012 0.010
11 25 11 hi'. 0.377 0.255 0.157 0.066 0.058 0.03012 25 11 hr. 0.422 0.302 0.246 0.072 0.065 0.036
17 25 17 hr. 0.019 0.019 0.017 0.006 0.009 0.00718 25 17 hr. 0.018 0.019 0.015 0.008 0.004 0.007
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Lysates:
Culture Conditions Absorbance after 24 hours Absorbance after 48hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
5 25 7 hr. 0.047 0.021 0.018 0.009 0.010 0.0106 25 7 hr. 0.046 0.019 0.017 0.012 0.010 0.011
11 25 11 hr. 0.523 0.033 0.020 0.813 0.125 0.009
12 25 11 hr. 0.631 0.329 0.025 0.864 0.104 0.008
17 25 17 hr. 0.276 0.056 0.021 0.011 0.012 0.01018 25 17 hr. 0.281 0.062 0.020 0.012 0.012 0.012
Table 4.2 (B) ELISA results from cell supernatants and periplasmic lysates of cell cultures 
from a type I production screen in M9P and yeast extract for detection of Fv E3G myc
In terestingly ELISA samples of the same reaction after 48 hours has 
elapsed actually indicate a lower detection of Fv in the anti-myc based 
assay. This means that some of the Fv must be denatured in some way 
after 48 hours. There are two possibilities: the protein could be denatured 
enough to loose function and then would be inactive in the E3G binding 
part of the assay; another possibility is the loss of the exposed myc tail, 
which has been shown previously to be subject to proteolysis, and protein 
affected in this manner would not be detected by the anti-myc based assay. 
Therefore it is possible that more Fv is being produced but that this 
protein is undetectable in the assay. This can be resolved by using the 
"total Fv" assay which does not require detection of the myc peptide tail 
and therefore would give an accurate analysis of active protein present. 
Again using known concentration of fully active anti-E3G in the assay 
w ould give a standard curve from which the concentration of active 
p rotein in the culture samples could be estimated. When the samples 
taken after 48 hours have lower levels of active protein than their 
corresponding 24 hour samples when measured with the total-Fv assay,
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therefore the loss in levels of active protein in this time can not only be 
due to loss of the myc tail, but in fact there must be dénaturation of the 
protein to an extent it looses activity.
Type I production screen in celtone.
This experiment was carried out in a similar fashion to the previous 
experiments, but this time an additional induction time of 4 hours was 
added to the experiment for each of the three temperatures. The various 
details of each culture, along w ith their results for plasm id stability 
absorbances and ELISA experiments are shown in table 4.3.
Culture Conditions Absorbance Plasmid Stability
No. Temp. Induction P.I. 24 hr. 48 hr. P.I. 24 hr. 48 hr.
1 37 4 hr. 0.047 0.952 1.012 61 1002 37 4 hr. 0.054 1.021 1.125 100 1003 30 4 hr. 0.020 1.041 1.867 100 45 04 30 4 hr. 0.019 1.124 1.750 93 33 05 25 4 hr. 0.053 1.028 1.625 70 95 06 25 4 hr. 0.063 1.102 1.439 68 56 0
7 37 7 hr. 1.128 1.071 1.527 45 100 08 37 7 hr. 0.936 1.085 1.562 62 6 09 30 7 hr. 0.062 1.152 100 100 010 30 7 hr. 0.053 1.085 100 100 011 25 7 hr. 0.823 1.159 100 1 012 25 7 hr. 0.815 1.324 100 6 0
13 37 11 hr. 0.926 1.191 2 1 014 37 11 hr. 0.824 1.315 0 53 015 30 11 hr. 1.229 1.410 100 76 016 30 11 hr. 1.116 1.325 100 46 017 25 11 hr. 1.211 1.426 100 1 018 25 11 hr. 1.287 1.325 65 0 0
19 37 17 hr. 1.054 1.210 63 3 120 37 17 hr. 1.071 1.252 12 2 021 30 17 hr. 1.119 1.316 100 21 422 30 17 hr. 1.196 1.324 100 100 123 25 17 hr. 1.086 1.205 100 43 124 25 17 hr. 1.126 1.327 100 100 3
Table 4.3 (A) Plasmid stability and cell culture absorbance results from a type I production 
screen in celtone media.
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Supernatants:
Culture Conditions Absorbance after 24 hours Absorbance after 48 hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
5 25 4 hr. 0.134 0.049 0.016 0.024 0.012 0.0066 25 4 hr. 0.107 0.032 0.01 0.016 0.008 0.007
9 30 7 hr. 0.441 0.292 0.086 0.067 0.032 0.01410 30 7 hr. 0.464 0.271 0.093 0.067 0.036 0.013
21 30 17 hr. 0.357 0.168 0.056 0.091 0.039 0.01422 30 17 hr. 0.266 0.118 0.040 0.046 0.028 0.011
23 25 17 hr. 0.090 0.029 0.011 0.035 0.014 0.00724 25 17 hr. 0.169 0.053 0.040 0.051 0.020 0.011
Lysates:
Culture Conditions Absorbance after 24 hours Absorbance after 48 hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
5 25 4 hr. 0.453 0.343 0.169 0.016 0.014 0.013
6 25 4 hr. 0.412 0.243 0.098 0.014 0.014 0.012
9 30 7 hr. 0.621 0498 0.280 0.012 0.013 0.012
10 30 7 hr. 0.683 0.511 0.316 0.013 0.016 0.011
21 30 17 hr. 0.937 0.898 0.453 0.020 0.010 0.005
22 30 17 hr. 0.769 0.718 0.444 0.012 0.008 0.006
23 25 17 hr. 0.444 0.354 0.233 0.009 0.006 0.005
24 25 17 hr. 0.482 0.232 0.157 0.005 0.004 0.003
Table 4.3 (B) ELISA results from cell supernatants and periplasmic lysates of cell cultures 
from a type I production screen in celtone for detection of Fv E3G myc.
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Results from the plasm id stability experiments again proved to be quite 
poor in their duplication, but did show a lack of stability again at higher 
temperatures. The absorbance experiments illustrated the much slower 
grow th of the cultures in this medium compared to the M9P + YE, 
especially at 25 °C. A lthough all the cultures do grow throughout the 
experiments, and the growth at the higher temperatures is good. ELISA 
results are fairly conclusive in pointing to the best conditions for grow th 
in this media. Sample numbers 9, 10 and 21, 2 2  give the highest levels of 
detection in the ELISA experiment. These refer to 30 °C samples after 24 
hours for 7 hours and 11 hours induction times respectively, these ELISA 
data also show significant levels of activity from the periplasm ic lysates, 
so that in a large scale culture both supernatants and periplasm ic lysates 
would have to be prepared to maximise the yield of Fv. Again lower 
reactivities in the ELISA were found for the corresponding cultures after 
48 hours.
A quantitative anti-myc based assay was carried out on the best producing 
samples after 24 hours. Because there were significant levels of expression 
detected in both the supernatants and periplasm ic lysates, both types of 
sample were used in this assay. This assay predicted expression levels of
up to 1.5 mg.L"^ of active protein, which although slightly improved on 
the experiment with the M9P media does not reach the required levels. 
The conditions which gave the best results had the samples taken at 48 
hours analysed w ith the total-Fv assay, again gave insight into the 
problem of dénaturation of the protein. These were again lower than the 
corresponding estimates for the samples taken after 24 hours (using the 
anti-myc based assay), so therefore suggesting a dénaturation of active
1 2 0
protein over this time period.
Because the two previous production screens have showed a definite 
time dependency on the best levels of detected active protein, and also 
that the celtone media has shown slightly the best results, it was decided 
to repeat the experiment in celtone for those reaction which gave the best 
results, but to m onitor these reactions over several more sam pling 
points. From the previous screen the conditions which gave the best 
expression levels were those grown at 30 °C, and induced after either 11 
hours or 17 hours. The 11 hour induced reactions were tested prior to 
induction then at 24 hours, 26 hours, 28 hours and 31 hours. The sample 
induced at 11 hours had samples tested prior to induction and at 19 hours 
21 hours and 24 hours. All samples had the absorbance at 600 nm 
recorded and those taken after induction had supernatants and lysates 
prepared in the usual way and those tested by ELISA. These results are 
displayed in table 4.4. The absorbance results for the duplicate 11 hour 
induced samples show good grow th prior to induction, which increases 
after induction but drops at 48 hours. The 17 hour induction time 
samples shows a higher level of growth prior to induction as would be 
expected, but this level stays fairly consistent. The anti-myc based assay 
results demonstrate for the the 1 1  hour induction time the best results are 
obtained after 31 hours whilst for the 17 hour induction time the best 
results are achieved for the 2 1  hour sam ple. Because of these 
improvements these samples were tested against known standards in a 
quantitative assay using the total-Fv assay. The best producing samples 
showed very similar results to the previous screen, with optimum levels 
^1.5 mg.L“ *^
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Absorbance at 600 nm for cell cultures:
time 11 hours 26 hours 28 hours 31 hours
culture no, 1 
2
0.881
0.904
1.116
1.116
1.102
0.945
0.843
0.501
17 hours 19 hours 21 hours 24 hours
3
4
1.295
1.201
1.268
1.275
1.225
1.226
1.112
1.063
ELISA results (O.D, at 410 nm).
24 hours time 26 hours
culture no. 1/2 1/20 1/100 dilution 1/2 1/20 1/100
supernatant ^ 03890.322
0.009 0.008 
0.008 0.008
0.581
0.571
0.012
0.011
0.007
0.009
lysate ^ 0.8020.769
0.029 0.008 
0.015 0.006
28 hours
0352
0.979
0.263
0.229
31 hours
0.008
0.008
culture no. 1/2 1/20 1/100 1/2 1/20 1/100
1supernatant ^ 0.6600.722
0.029 0.006 
0.056 0.006
0.876
0396
0.059
0.023
0.009
0.006
lysate ^ 0.9380.913
0.116 0.008 
0.160 0.006
0.875
0.906
0.044
0.097
0.004
0.003
culture no. 
supernatant
lysate
17 hours 19 hours 21 hours
0 1/2 1/20 1/100 1/2 1/20 1/100 1/2 1/20 1/100
3 0.755 0.036 0.005 0.953 0.051 0.051 0.854 0.058 0.004
4 0.603 0.015 0.005 0.964 0.043 0.043 0.865 0.022 0.004
3 0.921 0.195 0.006 1.043 0.137 0.137 1.041 0.087 0.007
4 0.920 0.218 0.006 0.984 0.154 0.154 1.063 0.151 0.007
Table 4.4 Results of cell growth and ELISA production for the celtone production screen 
monitored over more time points.
1 2 2
From all the previous produc tion screens, the levels of produc tion 
remain fairly low, at best 1.5 mg.L“k To produce enough labelled material 
for a full NMR analysis of the protein, much higher levels of expression 
would be required. Due to the high cost of the ^^N dual labelled
celtone media (US$ 4500 L“ ,^ Martek Biosciences), it would be required to 
get the levels of production to about 15 mg in 1 litre of celtone media - 
these levels are quite a distance away. There may be two reasons for the 
relatively poor production of Fv: firstly, it is often the case that there is a 
pH  imbalance in such media - as amino acids are used in the production 
of protein the pH  of the reaction will rise which may cause problems. In 
the previous screen using the celtone media many of the cultures had a 
pH  of 9 or 10. Secondly cultures have been started from plates w ith 
different colony types which have been started from previously grown 
plates, but cultures normally show better growth when inoculated from 
freshly transformed cells. Therefore a method was needed to maintain 
the pH  balance of the cultures to find if this helped in  increasing the 
expression levels of the recombinant protein in any way. This could be 
done by buffering the celtone with phosphate buffer, or by spiking M9P 
media with a certain amount of celtone.
Type I production screen in celtone derived media.
In table 4.5 the reactions are referred to as either P, C or M, these refer to 
the media used. P is the 1:1 ratio of celtone to 0.2 M phosphate buffer, C is 
the celtone at the conditions which gave the best results in the previous 
production screen. Samples M15 to M22 are M9P with a further 10 % of 
celtone added, samples M23 to M30 are M9P with a further 20 % celtone.
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Culture Conditions Absorbance pH
No. Temp. Induction P.I. 24 hr. 48 hr. P.I. 24 hr. 48 hr.
FI 37 7 hr. 0.185 0.245 0.666 7-8 7-8 8P2 37 7 hr. 0.086 0.070 1.245 7-8 7-8 8
P3 30 7 hr. 0.600 0.673 0.737 7-8 7-8 8P4 30 7 hr. 0.268 0.274 1.087 7-8 7-8 8P5 37 11 hr. 0.098 0.238 1.370 7-8 7-8 8
P6 37 11 hr. 0.188 0.216 1.112 7-8 7-8 8P7 37 11 hr. 0.419 0.326 0.791 7-8 7-8 8P8 37 11 hr. 0.463 0.345 0.983 7-8 7-8 8
P9 30 17 hr. 0.022 0.248 0.668 7-8 8 8
PIO 30 17 hr. 0.017 0.135 0.490 7-8 8 8PH 37 17 hr. 0.352 0.230 0.634 7-8 8 8P12 37 17 hr. 0.393 0.247 0.723 7-8 8 8
C13 30 11 hr. 1.209 1.692 1.463 6-7 7 9
C14 30 11 hr. 1.150 1.308 1.809 6-7 7 9
M15 30 7 hr. 0.461 0.180 0.365 6 6 6M16 30 7 hr. 0.459 0.156 0.421 6 6 6M17 25 7 hr. 0.351 0.124 0.326 6-7 6 6
M18 25 7 hr. 0.259 0.115 0.418 6-7 6 6
M19 30 17 hr. 0.311 0J78 0.525 6-7 6 6M20 30 17 hr. 0.347 0.520 0.441 6-7 6 6M21 25 17 hr. 0.479 0.471 0.580 6-7 6 6M22 25 17 hr. 0.502 0.473 0.462 6-7 6 6
M23 30 7 hr. 0.814 0.311 0.606 6 6 6M24 30 7 hr. 0.850 0.298 0.904 6 6 6M25 25 7 hr. 0.408 0.173 0.508 6-7 6 6
M26 25 7 hr. 0.610 0.180 0.520 6-7 6 6M27 30 17 hr. 0.525 0.485 0.654 6-7 6 6
M28 30 17 hr. 0.518 0.577 0.655 6-7 6 6M29 25 17 hr. 0.750 1.040 0.788 6-7 6 6M30 25 17 hr. 0.750 0.759 0.738 6-7 6 6
Table 4.5 Plasmid stability, pH and cell culture absorbance results from a type I production 
screen in celtone derived media.
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This table shows the temperatures and induction times corresponding to 
the reaction numbers along w ith the absorbance measurements at 600 
nm, pH  measurements and the ELISA results. There are no plasm id 
stability experiments for this production screen. The reasons for this are 
firstly: previously this experiment has shown poor repeatability between 
duplicate cultures but also in general there are no stability problems w ith 
this colony type, secondly, the process of dilutions, marking out plates, 
plating out and counting the large number of plates and the quality of 
these results did not justify the amount of effort required, especially in 
this experiment where 30 separate cultures are grown. This generates an 
enorm ous am oun t of samples which that would not be possible to 
process in the time-scale of the reaction.
From the absorbance results it is quite clear for some of the buffered 
celtone samples there is quite poor growth, although in these cases 
grow th does improve throughout the experiment. The worst case is F9 
and PIO, corresponding to a culture at 30 with a 11 hour incubation 
time. The same is true for some of the celtone ^spiked' M9P cultures, and 
in fact none of them attain high levels of biomass. This was in some way 
anticipated as much less media is used in these reactions, and is why the 
lowest tem perature (25 °C) was not used in this experiment. W hat is 
much more encouraging is the pH  stability of the experiment. These 
results were obtained using pH paper which detects over a range of 1-14, 
although fairly crude, it is accurate enough to detect significant deviation 
from neutral pH, and that any damage to the anti-E3G Fv in this 
experiment is not caused by extreme acidity or alkalinity. The assay results 
d isplayed in table 4.6, give valuable inform ation in the relative 
performance of the different media tried in this experiment.
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Supernatants:
Culture Conditions Absorbance after 24 hours Absorbance after 48hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
P3 30 7 hr. 0809 0.727 0.699 0.729 0.466 0.202
P4 30 7 hr. 0782 0.663 0.316 0.453 0.107 0.027
P7 30 11 hr. 0.826 0.676 0.401 0.457 0.151 0.065
P8 30 11 hr. 0.738 0.678 0.354 0.500 0.199 0.064
C13 30 11 hr. 0.929 0.833 0.631 0.907 0.449 0.095
C14 30 11 hr. 1.054 0.864 0.554 0.930 0.598 0.207
M17 25 7 hr. 0.265 0.165 0.072 0.036 0.019 0.008M18 25 7 hr. 0.175 0.132 0.057 0.013 0.012 0.007
M25 25 7 hr. 0448 0.214 0.076 0.017 0.008 0.005M26 25 7 hr. 0.224 0.105 0.031 0.042 0.014 0.008M29 25 17 hr. 0.103 0.031 0.017 0.495 0.062 0.014M30 25 17 hr. 0.362 0.078 0.028 0.626 0.081 0.019
Lysates:
Culture Conditions Absorbance after 24 hours Absorbance after 48hours
No. Temp. Induction 1:2 1:4 1:8 1:2 1:4 1:8
P3 30 7 hr. 0.352 0.257 0.138 0.015 0.009 0.008
P4 30 7 hr. 0.025 0.015 0.009 0.007 0.006 0.005
P7 30 11 hr. 0.086 0.028 0.011 0.020 0.010 0.006P8 30 11 hr. 0.042 0.022 0.011 0.077 0.012 0.008
C13 30 11 hr. 0.234 0.163 0.044 0.003 0.005 0.004
C14 30 11 hr. 0.007 0.010 0.009 0.005 0.004 0.004
M17 25 7 hr. 0.025 0.012 0.009 0.020 0.006 0.006
M18 25 7 hr. 0.018 0.010 0.010 0.007 0.007 0.009
M25 25 7 hr. 0.030 0.012 0.010 0.007 0.005 0.006
M26 25 71ir. 0.039 0.020 0.011 0.006 0.006 0.006M29 25 17 hr. 0.017 0.008 0.007 0.045 0.006 0.004M30 25 17 hr. 0.013 0.011 0.007 0.055 0.014 0.004
Table 4.6 ELISA results from cell supernatants and periplasmic lysates of cell cultures from 
a type I production screen in celtone derived media for detection of Fv E3G myc.
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W hen comparing the results it is im portant to remember the relative 
amounts of celtone used. In general the performance of the spiked M9P 
m edia was poor, the buffered celtone reactions particularly samples 
numbers P7 and P 8  (30 °C, 11 hours induction) and PH  and P12 (30 °C, 17 
hours induction) seem to give very similar results to the best conditions 
for the pure celtone media. The low levels of expression for most of the 
trial media can be explained by the low levels of grow th in these samples 
prior to induction.
These results may not seem particularly encouraging, but as the point of 
these media was to decrease the inactivation of these proteins, these were 
to have the property of reducing the inactivation of the proteins due to 
high tem peratures at extremes of pH. If this was a problem in the 
expression of the recombinant protein, and the perceived lack of detected 
protein was now due to proteolysis of the myc peptide tail, then the total 
anti-E3G Fv activity assay would show higher levels of protein than the 
cultures in the pure celtone media. The assay indicated levels of about 4
mg.mL“^  of Fv in the best samples of the phosphate buffered celtone 
media. If this experiment was to be done with a litre of labelled celtone a 
yield of 8  mg of labelled protein would be the maximum achievable, 
which may be enough for a full structural analysis by NMR.
Purification of anti-E3G antibody fragment.
The sepharose column w ith the epoxy linked estrone was used in 
purifying Fv expressed in the ferm entation experiment. Protein is 
detected by an absorbance measurement at 280 nm in a flow cell, after the 
sample has passed through the column. When the supernatant is loaded
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in the presence of 1 M NaCl a high absorbance reading is observed due to 
the large am ount of unbound protein flowing through the cell. On 
w ash ing w ith PBSA the non-binding protein is rem oved from the 
column and the absorbance reduces to background, after further washes 
w ith 3M NaCl to remove proteins bound non-specifically, and again with 
PBSA the protein is ready for elution. The protein is eluted with estradiol 
glucuronide and the eluant was diverted through a column w ith ion- 
exchange resin, to separate the excess steroid compound from the protein. 
The protein can be quantified from absorbance measurements at 280 nm. 
Only two amino acids absorb radiation at this wavelength: tryptophan 
and tyrosine. The molar extinction coefficients for these residues at 280 
nm  are 5550 and 1340 respectively. For this pro tein their are three 
tryp tophan  residues and 14 tyrosine residues therefore the molar
extinction coefficient (e) can be calculated thus:
e = (no. of W X 55501 + fno. of Y x 1340’)
molecular weight of Fv
This gives a value of 1.316 for the Fv fragment.
Fermentation of Type II Colonies in M9P + Y.E.
At the Colworth laboratory it is usual procedure to take the optimised 
growing conditions in the M9P media into the fermentation stage. This 
work was carried out by Mark Griffiths. In the fermentation reaction there 
was a problem with obtaining culture growth. The different samples were 
not made available to myself so I could not perform a quantitative assay 
on them. Instead the protein was purified from wliich an estimated 1.5
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mg was recovered.
Expression of  dual labelled protein.
This experiment was carried out by Sandra Hemmington, and around 5 
mg of dual labelled active protein was purified from 1 L of dual labelled 
celtone media.
4.4 Conclusions
The plasm id created in Chapter 2, proved in the first instance to be 
present in two colony types both of which were found to be stable over 
the length of time required for the expression experiments to be carried 
out. However one of these colony types proved to be useless in the 
production of the Fv fragment. From the M9P media experiments fairly 
low levels of expression of the recombinant protein even on optimisation
( -  1.0 mg.L"^). This approach would be of no use in producing large 
quantities of labelled protein that would be required for structural studies 
by NMR. Using the celtone media definite improvements were noticed in
the optimised expression levels (-1.5 mg.L'^). In all these reactions a 
noted decrease in detected, active protein levels after 48 hours was noted, 
which could only be explained by lost activity in the protein. An assay 
which gave an indication of the total amount of active protein which did 
not rely on the presence of the peptide myc tail would go a long way in 
explaining this problem. These detected levels were still low which 
suggested dénaturation of the protein due to the extended time which it 
spent in the environm ent of the shake flask experiments. When the 
celtone media was buffered to try and negate the rises in pH observed in 
earlier experiments, the levels of active protein detected did rise after the
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the initial test at 24 hours. There was a detected stability in pH which gave 
rise to increasing detection of active protein after 24 hours and therefore 
better expression levels per litre of celtone. Not enough protein was 
obtained, dual labelled to use as a sample for the full elucidation of the 
solution structure by NMR, but significant levels of unlabelled protein 
(-18 mg) was obtained that would prove adequate for a series of NMR 
experiments based on the finding the bound conformation of E3G.
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Chapter 5.
Structure of Estrone-3-glucuronide in Free
Solution.
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Abstract
Using heteronuclear (^^C, ^H) NMR methods, the three dimensional 
structure and dynamics of E3G has been probed in free solution. The 
glycan is found to exist in multiple conformations, w ith particularly large
fluctuations about the glycosidic linkage \|/. The use of a labelled
analogue, estrone-3-[U-^^C]-glucuronide was utilised to obtain the 
assignments and subsequent proton assignments for the glucuronic acid 
moiety via a ^^C-^^CCOSY. These could not be obtained from the natural 
abundance compounds due to resonance overlap.
5.1 Introduction.
To help understand the interaction of a glycan with is protein ligand, 
knowledge of the behaviour of the molecule in solution is vital, A major 
difficulty in the conformational analysis of glycans such as E3G in 
solu tion is the small num ber of good quality distance constraints 
available across the glycosidic linkage. It is very common that only one or 
two NOE or ROE constraints are available, and because these are the 
p rim a ry  source of confo rm ational variance, the overall three- 
dimensional structure may be seriously underdefined by NOEs or ROEs 
alone. Additional constraints can be obtained by long range heteronuclear 
(13c_1h) coupling constants across the glycosidic linkage (Hamer et al., 
1978; Tvaroska et al., 1989; Poppe and van Halbeek, 1991a,b), which are 
possible in this study due to labelling and the relatively large amount 
of material.
In solution several conformers exist in equilibrium, but the experimental
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studies in solu tion give a time averaged conformation. Molecular 
dynamics simulations can be used in an attempt to describe the motion of 
the glycan in solution using the NMR restraints. Problems can arise, for 
example, where a molecule exists in two distinct conformations, and each 
of these conformations are characterised by a distinct set of NOEs. If the 
rate of conversion between these conformers is rapid with comparison to 
the NMR timescale, then the NOEs from each conformation will be 
observed simultaneously. In attem pting to generate a single structure 
from this data, there may be no single conformation which satisfies this 
averaged data and the resultant structure may be highly strained and 
physically unrealistic. It is possible their could be many more than two 
solution conformations, in which case the calculated structure may be 
even further from the true situation. Using a method suggested by Torda 
and co-workers (1989) and demonstrated by the same group (1990), instead 
of the normal energy penalty imposed if the two nuclei, described by the 
constraint, move outwith the allowed range, this penalty is only applied 
when this distance, averaged over a period of time, is out with the 
constraint - time-averaged restraints. The length of time over which the 
distance is averaged, has to be an order of m agnitude smaller than the 
length of the dynamics simulation.
This system has been applied in calculating the solution structure and 
dynamics of estrone-3-glucuronide.
5.2 Materials and Methods
NM R Measurements.
Homonuclear COSY data were acquired with spectral widths
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of 4800 Hz in each dimension, with 2048 complex points and 256 complex 
points in the t 2  and tl  dimensions respectively. Sixteen transients were 
acquired per t l  increment, resulting in a total acquisition time of - 2  
hours.
Homonuclear ^H-^H COSY data were acquired with spectral widths 
of 4000 Hz in each dimension, with 4096 complex points and 256 complex 
points in the t2 and tl  dimensions respectively. Sixteen transients were 
acquired per t l  increment, resulting in a total acquisition time of - 2  
hours.
Homonuclear ^H-^H ROESY data were acquired with spectral widths 
of 4000 Hz in each dimension, with 4096 complex points and 256 complex 
points in the t2 and t l  dimensions respectively. Sixteen transients were 
acquired per t l  increment, resulting in a total acquisition time of - 2  
hours.
HSQC data were acquired with spectral widths of 3000 Hz and 10000 
Hz and w ith 1024 complex points and 128 complex points in the proton 
and carbon dimensions respectively. Sixteen transients were acquired per 
t l  increment, and the data were adopised with cosine-bell weighting 
function, followed by zero-filling once in each dimension prior to Fourier
transformation. In HSQC experiments on estrone-3-U- ^ ^C-glucuronide in 
free solution, the total solute concentration was -10 mM in 100 mM 
phosphate buffer (pH 7.0) prepared in D2 O (99.96%).
E strone-3-glucuronide was purchased from the Sigma Chemical 
Company, the estrone-3-[U-^^C]-glucuronide was synthesised for me by Dr. 
Mark Probert.
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Molecular Modell ing and Dynamics.
For the unrestrained and restrained models the molecular modelling 
package DISCOVER was used (Biosym Technologies Inc.), w ith  a 
molecular mechanical forcefield suitable for carbohydrates (Homans, 
1990). Modifications were required to include several atom types in the 
steroid part of this molecule, these were taken directly from the AMBER 
forcefield.
Ten pseudo-random geometries were generated by dynamical quenching: 
The initial minimised structure was subjected to unrestrained dynamics 
at 750 K for 1000 ps, during which the torsional term (|) was scaled by a 
factor of 7 to prevent distorted ring geometries, w ith a structure w ritten 
after every 100 ps. Simulated annealing was carried out for each model in 
the following manner: The structure was m inim ised w ith a steepest 
decent algorithm until the maximum derivative was less than 1  kcal.Â"^,
w ith (|) scaled by 5; then equilibrated with a thermal path by running 
dynamics successively for 1 ps at 500 K, 450 K, 400 K, 350 K, 300 K, and 
then successively for 1 ps in decreasing steps of 10 K. After 1 ps at 10 K a 
further 1 ps at 5 K was followed by minimisation using a steepest decent 
algorithm until the maximum derivative was less than 0.1 kcal Â" .^ The 
molecular Dynamics was run w ith a dielectric constant of 80, for 510,000 
steps of 1 fs (510 ps) w ith the last 500 ps used for further analysis.
A gridsearch about (j) and was calculated by varying each angle in 15°
steps and m inimising for each of the 24  ^ geometries created until the 
m axim um  derivative was less than 0.1 kcal.A. The energy of each
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geometry was displayed in an iso-energy (|),\j/ plot.
XPLOR minimisations and dynam ics were calculated using the the same 
modified AMBER forcefield w ith added terms for some of the steroid 
atoms as used in the DISCOVER calculations. M inimisations were 
calculated w ithout restraints and w ith restraints taken from the ROESY 
spectrum  as a com parison w ith DISCOVER. A series of XPLOR 
m inimisations and dynam ics were run with time averaged restraints as 
described by Torda and co-workers (1990). Typically these were run with a 
T of 1 0  ps, and non-conservative energy, with flat-well constraints.
NOE Simulations.
All rotating frame Overhauser effects (ROE) simulations were computed 
with the program MDNOE (written by S. W. Homans.), which is a package 
for general full relaxation matrix sim ulations of NOEs, ROEs and 
transferred NOEs for an arbitrary homonuclear or heteronuclear spin 
system. lim e averaging of internuclear distances is included using 
formalisms appropriate for motions which are either slow or fast with 
respect to overall molecular tumbling (Tropp, 1980)(Homans and Forster, 
1992).
5.3 Results and Discussion
Modelling studies of E3G zuithout NMR restraints.
A model of E3G was built in DISCOVER and was m inimised as described. 
The minimised model gave values for the torsional angles (|) (Hl-Cl-Ol- 
C3') and \)I (Cl-01-C3'-C4') as 20° and 87° respectively. This structure was
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subsequent simulated annealing. From the simulated annealed structures 
two families of structures were obtained, these can be seen In figure 5.1. 
The minimum energy structures of each of the families correspond to 
values of (|) and \}/ about the glycosidic linkage of +18 °, -84° and +28°, 
+92°, and each of these structures were used as input of independent 500 
ps molecular dynamics simulations in vacuo. W hen these sim ulations 
were plotted (figure 5.2) the molecule spends most of its time in the two 
m inim a suggested by the sim ulated annealing, this m atches the 
minimum energy wells given by the iso-energy plot also displayed in 
figure 5.2.
Figure 5.1 Results of unrestrained dynamical simulated annealing on ten pseudo-random 
structures of estrone-3-glucuronide showing the two families of structures.
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Figure 5.2 Minimum aiergy structure of E3G subjected to 510 ps of unrestrained dynamics.
1. Plot of (|> and y  during dynamics run, superimposed on potential energy surface for <j> and 
V-
2. Plot of angle <J> over the timecourse of the dynamics.
3. Plot of angle y  over the timecourse of the dynamics.
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Modelling studies of E3G with NMR restraints.
Initially, the solu tion structu re and dynamics of E3G were to be 
determ ined using conventional rotating frame O verhauser effects 
m easurem ents in combination w ith restrained dynamical sim ulated 
annealing and molecular dynamics simulations (Homans and Forster, 
1992).
Proton resonance assignments for the glycan, a prerequisite for these 
studies, could no t however be obtained from conventional ^H-^H 
correlation methods due to extreme overlap of resonances corresponding 
to the glucuronic acid moiety (figure 5.3). Inspection of the NMR 
spectrum of the glycan showed that all the of the carbon resonances were 
well resolved. The spectrum  of the glucuronic acid moiety was 
therefore assigned by use of a COSY experiment on estrone-3-[U-
-glucuronide, from which proton resonance assignm ents were 
derived by conventional I-ISQC methods (figures 5.4 and 5.5
respectively). These assignments were then utilised in the interpretation 
of a ^H-^H ROESY measurements on E3G (natural abundance).
As can be seen in figure 5.6 two inter-residue ROEs were observable, from 
the C-1 proton of the glucuronic acid moiety to the C-2' and C-4' protons 
of the estrone residue, together w ith several intra-residue ROEs. The 
inter-residue ROEs were quantified together with the intra residue ROE 
betw een the C-1 and C-5 protons of the glucuronic acid moiety by 
measurement of crosspeak volumes, and these are given in table 5 .1 .
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Figure 5.3 (A) COSY spectrum of E3G in D2O.
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Figure 5.3 (B) COSY spectrum of E3G in DjO. (aromatic region). Showing proton
assignments for the aromatic region of the steroid.
141
• *•
8 0 -
8 5 -
9 0 -
9 5 -
1 0 0 -
| m i | i i M | m i | i n i | i m | ' i i n p n r ( i n i [ i m | mi | i m | Mi i | i m | i n r j i T T T j T m p 7 T T | i i i i [ i M i | i i i i j i i i i | i i i i | i i i i | i m | mi | i i i r | i i i i | i i i i | i i i i | i i i i | i i i t i i  
102 98 96 94 92 90 88 86 84 82 80 78 76 74
F2 (ppm)
Figure 5.4 COSY of estrone-3-[^^C-U]-glucuronide in DjO. Showing assignments
for the glucuronic acid moiety.
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Figure 5.5 HSQC of estrone-3-[^^C-U]-glucuronide in DjO, and proton
assignments for the glucuronic acid moiety.
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Figure 5.6 ROESY spectrum of E3G in DjO/ showing the two inter-residue ROEs.
(Also detail of section of spectra in the boxed area).
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A restrained dynamical simulated annealing and molecular dynamics 
sim ulation strategy was employed with the inter-residue constraints 
obtained from the ROESY spectrum  (Homans and Forster, 1992; 
Rutherford and Homans, 1994). The torsional fluctuations around (|) and 
\j/ are shown in figure 5.7, it is seen essentially that the glycan exhibits 
lim ited torsional fluctuations about the glycosidic linkage. In order to 
assess the validity of this dynam ic behaviour, the ROESY connectivities 
measured experimentally were compared with those predicted from the 
MD simulations. The latter were determ ined by perform ing a full- 
relaxation matrix analysis calculation (Forster, 1991) using internuclear 
distances averaged over the timecourse of the MD simulations. The 
correlation time for overall tumbling of the molecule was determined by 
varying this parameter during the calculation until the predicted ratio of 
the diagonal peak volume for the C l proton resonance glucuronic acid 
moiety and the crosspeak between the C - 1  and C-5 protons resonances 
equalled that determ ined experimentally. The absolu te theoretical 
crosSpeak intensity was then used to convert the experimental intensities 
to absolute ROE values. The theoretical value from the restrained 
dynamics simulations predict much smaller ROEs than those observed, 
from which it is clear that the predicted dynamical behaviour is not 
consistent with the experimentally observed ROEs. This can be explained 
by a simple model building study, which indicated that no single 
conformation about the glycosidic linkage was consistent with the inter­
residue ROEs of the observed intensity, suggesting considerable motional 
averaging about this linkage.
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Figure 5.7 Restrained dynamics simulations on minimum energy structure from simulated 
dynamical annealing.
1. Plot of (j) and y  during dynamics run.
2. Plot of angle <|) over the timecourse of the dynamics.
3. Plot of angle \j/ over the timecourse of the dynamics.
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In an attem pt to quantify the extent of this m o tion, a restrained 
dynamical sim ulated annealing and m olecular dynamics sim ulation 
strategy was employed essentially as described, but using time-dependent 
distance restraints in a manner recently described by Torda et al. (1990). 
Two families of structures from the sim ulated annealing procedure, 
corresponding to values of (|) and \j/ about the glycosidic linkage of +18 °, - 
84° and +28°, +92°, and each of these structures were used as input of 
independent 500 ps molecular dynamics sim ulations in vacuo. The 
torsional fluctuations about (|) and \j/ over the tim ecourse of these 
simulations are shown in figure 5.8. It is seen essentially that the glycan 
exhibits rap id  torsional fluctuations about the glycosidic linkage. The 
fluctuations about \j/ are particularly large, extending over the full 360 °, 
i.e. complete freedom of motion. In order to assess the validity of this 
dynam ic behaviour, the ROESY connectivities measured experimentally 
were again compared w ith those predicted from the MD simulations, 
perform ed as before. A comparison between the experim ental and 
theoretical value is included in table 5.1, from which it is clear that the 
predicted dynamical behaviour is consistent w ith the experimentally 
observed ROEs. In order to validate further the predicted dynamic 
behaviour of the glycan, the magnitudes of the trans-glycosidic three bond
heteronuclear coupling constant (^Jhi-C3 ') hom onuclear
coupling constants {^]q2 .c 3 '^  ^Jci-C2 '' ^Jci-C4 ') ^ ^ re  determined from the
NMR spectra of E3G and estrone-3-U-^^C-glucuronide respectively, are
shown in table 5.1. Quantitatively, the value of the ^Jhi-C3 ' = ^.4 Hz 
predicted from the MD sim ulation using the app rop riate Karp lus 
equation is consistent with the experimental value of 3.7±0.4 Hz.
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Figure 5.8 (A) XPLOR time-averaged restrained dynamics simulations on minimum energy 
structure from 1st family of structures.
1. Plot of <}) and y  during dynamics run.
2. Plot of angle (j) over the timecourse of the dynamics.
3. Plot of angle \|/ over the timecourse of the dynamics.
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Figure 5.8 (B) XPLOR time-averaged restrained dynamics simulations on minimum energy 
structure from 2nd family of structures.
1. Plot of (|) and X|/ during dynamics run.
2. Plot of angle <|> over the timecourse of tiie dynamics.
3. Plot of angle \|/ over the timecourse of the dynamics.
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Atom p a ir/ Crosspeak Absolute ROE (%)^ (Hz)
Dihedral angle Intensity Exptl. Theor. Exptl. Theor.
GlcU-Hl diagonal 19.4 - -
GlcU-Hl-GlcU-H5 -2.5 7.2 7.2%
GlcU-Hl-Est-H2' -1.6 4.5 3.9
GlcU-Hl-Est-H4' -1.7 4.8 3.9
H1-C1-01-C3' 3 . 7 3  3.4
C2-H1-01-C2' 2.9
Cl-01-C3'-C2' 2.6
Cl-01-C3'-C4' 2.3
1 calculated with x^ , = 0.195 ns
2 estimated error in experimental ROE measurements = ±20 %.
3 estimated error in experimental values = ± 0.4 Hz.
Table 5.1 Experimental versus predicted ROEs = 500 ms) and coupling constants 
determined for estrone-3-glucuronide and estrone-3-[^^C-U]-glucuronide in free solution.
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The hom onuclear coupling constants could no t be quantified
exactly in conformational terms due to the absence of a suitable Karplus 
param etrisation for couplings of this type. However, ^Jc2-C3' large, 
consistent w ith a conformation for the dihedral C2-C1-0-C3' which is 
approximately trans (150°) for an average value of (|) = 30° over the
timecourse of the simulation. The couplings ^Jci-C2' ^rid ^Jci-C4' also 
large, and are equal with experimental error. Couplings of this size could 
not arise if the glycan existed predom inantly in each of the two 
minimum energy conformations predicted from the simulated annealing 
calculations, since the value of \j/ in each of these minima (90° and -90°) 
would give rise to small (<1.2 Hz) couplings (Vuister and Bax, 1993). 
Rather the molecule must exist in solution for significant periods of time 
in a conformation where C l and C2' and Cl and C4' are trans or eclipsed. 
Taken together, these data are consistent with with a model involving fast 
internal motion which is restricted about (|) but essentially unrestricted 
about \}/.
5.3 Conclusions
The use of the pseudo-random  structures and simulated annealing has 
given two favourable conformations for E3G in solution. In trying to 
describe the dynamical motion of the glycan in solution with the use of 
experim ental ROEs, initially p roved unsuccessful w ith  res trained 
molecular dynamics. The magnitude of the two ROEs cannot be due to 
the molecule existing predominantly in these two favourable conformera 
and that there most be motional averaging. The use of a time averaged 
restraints in the MD sim ulation, and the output of this sim ulation
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subjected to a full relaxation m atrix calculation, gave theoretically 
obtained values for cross peak volumes and coupling constants which
matched well w ith those obtained experimentally. The coupling
calculated from this sim ulation also com pared favou rably w ith 
experimental data, and the couplings, although not quantifiable with 
a suitable Karplus param eterisation, measured experimentally agreed 
qualitatively with the predicted solution behaviour.
The high degree of flexibility around the torsional angles, particularly the 
full 360° rotation around \)/, and the close contacts between C l with C2' 
and C4' arising from this rotation explain the strong ROEs observed for 
both couplings.
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Chapter 6.
Structure of Estrone-3-glucuronide in
Complex with Fv E3G myc»
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Abstract
By use of heteronuclear (^^C, ^H) NMR methods, the three-dimensional 
structure of the glycoconjugate estrone-3-glucuronide has been probed in 
association with an anti-E3G antibody Fv fragment. The antibody selects a 
conformation from the solution repertoire which does not correspond to 
either of the two lowest energy conformations of the free glycan, and the 
internal energy of the glycan in the bound state is estimated to be at most
^ 15 kcal.mol"^ higher than the global minimum energy conformation. 
The glucuronide undergoes a stacking interaction with an aromatic ring 
in the binding site, and both ring current shifts and nuclear Overhauser 
effects computed from the predicted conformation are in good agreement 
with preliminary X-ray data on a related complex.
6.1 Introduction
A prerequisite for a detailed understanding of the molecular basis of the 
interaction of a carbohydrate with its protein receptor is a high resolution 
three dim ensional s tructu re  of the complex. Several im po rtant 
crystallographic studies have been described recently which illustrate in 
detail the precise nature of certain carbohydrate-protein interactions in 
the solid state (reviewed by Cambillau, 1995). In contrast, high resolution 
structural studies of glycan protein interactions in solution using nuclear 
magnetic resonance have been conspicuous by their absence. Solution 
studies have im portant potential advantages since a comparison of the 
solution structure of the free ligand with that of its bound state is more 
meaningful, and moreover the dynamics of the system are accessible.
In cases where the affinity of a ligand protein receptor is low and the 'off'
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rate of the ligand is w ithin the appropriate timescale, the bound state 
conform ation is accessible in principle by m easurem ent of nuclear 
Overhauser effects in the exchanging system. While these measurements 
commonly known as transferred nuclear Overhauser effects (TRNOEs) 
(Bothner-By and Gassend, 1972; A lbrand et ah, 1979; Clore and 
Gronenborn, 1982,1983; Campbell and Sykes, 1993; Ni, 1994), have been 
applied to a variety of glycan-protein interactions (Glaudemans et al, 
1990; Bevilacqua et al., 1990; Bundle et a l,  1994; Weimar and Peters, 1994; 
Andrews et al 1995; Asensio et al 1995; Scheffler et al, 1995), they cannot 
however be replied upon to provide any information on the nature of the 
interaction of the ligand with the protein, since ligand-protein TRNOEs 
are observable w ith difficulty (Arepalli et al, 1995) or not at all. 
Paradoxically, TRNOEs can only be quantified accurately with knowledge 
of the architecture of the protein binding site, since the presence of spin- 
diffusion in the molecular complex requires a multi-spin full relaxation 
matrix analysis (London et al., 1992). Exclusion of nuclear spins derived 
from the protein can lead to erroneous conclusions regarding the bound 
state conformation of the ligand.(G laudemans et a l ,  1990; Arepalli et al, 
1995)
In cases where the affinity of the glycan for the receptor is high, the bound 
state conformation of the ligand cannot in general be determined from 
TRNOE measurements, since these become vanishingly small as the rate 
of exchange becomes very slow. However in this exchange regime it is 
possible in theory to obtain substantial information on the nature of the 
ligand-p rotein  interaction using conventional NOE m easurem ents. 
Resonances derived from the ligand can be distinguished from those of 
the protein by isotope enrichment of either the protein or the ligand with
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a stable isotope, together with application of isotope-editing (Weber et al, 
1991)or isotope-filtration (Petros et al., 1992) techniques respectively. To 
my knowledge, the value of this approach has no t been previously 
examined in high resolution structural studies of carbohydrate-protein 
interactions. In the present work, we examine the practical value of 
isotope-edited NMR techniques in probing the bound state conformation 
of the glycoconjugate estrone-3-glucuronide (E3G) in association with an 
anti-E3G antibody Fv fragment. Furthermore, we access the the extent to 
which the architecture of the binding site of the protein can be predicted 
with these methods in the absence of high resolution structural data on 
the protein moiety.
6.2 Materials and Methods
NM R Measurements.
Two-dimensional HCCH-COSY experiments were acquired using the 
three-dimensional pulse scheme described by Bax et. al., (1990) keeping 
the first (proton) acquisition time constant. Data were acquired with 
spectral widths of 3000 Hz and 7000 Hz and w ith 1024 and 64 complex
points in the ^H and dimensions, respectively. A total of 256 
increments were acquired per t l  increment, resulting in a total acquisition 
time of -  15 hours. The free procession delays in the sequence were as 
follows: X = 1.5 ms, A = 2,15 ms, Ô2 = 6 l = 1.1 ms. Heteronuclear ^H - 
single quantum correlation.
Heteronuclear ^H-^^C single quantum  correlation (HSQC) data were 
acquired w ith spectral widths of 3000 Hz and 10000 Hz and w ith 1024 
complex points and 128 complex points in the proton and carbon
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dim ensions respectively. Sixteen transients were acquired per t l  
increm ent, and the data were adopised with cosine-bell weighting 
function, followed by zero-filling once in each dimension prior to Fourier 
transformation. In HSQC experiments and NOESY-HSQC experiments on 
the complex of estrone-3-[U-^^C]-glucuronide with anti-E3G Fv were 
performed on a 1:1 mixture at a concentration of ~1 mM on estrone-3-[U- 
13C]-glucuronide in 100 mM phosphate buffer (pH 7.0) prepared in D2 O 
(99.96%).
Molecular Modelling and Dynamics.
For the unrestrained and restrained models the molecular modelling 
package DISCOVER was used (Biosym Technologies Inc.), as described in 
the previous chapter.
The program MDNOE was used to calculate a full relaxation matrix of 
p roton  sp ins from the history or trajectory file from  dynam ics 
simulations, as described in Chapter 5.
Ring Current Calculations.
These RCCAL calculations and parameterisation described in this section 
were performed by Kothandaraman Seshadri.
The ring current shifts in the sugar ring of E3G bound to Fv were 
computed on the basis of preliminary X-ray crystal data an a related 
complex (S. E. V Phillips, personal communication) using the program 
RCCAL. (Perkins, 1982). RCCAL only contains param eters for the 20 
standard  amino acids, so the param eters for glucuronic acid were 
introduced. Optimisation of the geometry of bound E3G with respect to
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measured ring current shifts was achieved by a grid-search optimisation 
procedure. Grid points were generated for a stacked glucuronic acid - 
tyrosine aromatic ring system with a step size of 0.2 Â at seven positions
in each of the mutually orthogonal directions giving 7^ = 343 points. The 
sugar ring was placed at each of these points and the ring-current shifts 
were computed using RCCAL. In order to arrive at the best position , a 
root mean square deviation of the shifts was computed relative to the 
experimental shifts of the five ring protons, for each of those positions. 
The position that had the minimum deviation from the experimental 
shifts was utilised as the predicted bound state conformation.
6.3 Results and Discussion.
Bound-state conformation of E3G.
Study of the bound-state conformation of E3G was addressed using the 
use of ^^C isotope-edited NOESY experiments (Weber et al., 1991). This 
approach allows the selective observation of NOEs to and from the 
protons directly bonded to a ^^C nucleus. By use of estrone-3-[U-^^C]- 
glucuronide, the technique therefore potentially enables the direct 
observation of inter-residue NOEs from the C l through C5 protons of the 
glucuronic acid moiety to the steroid and to amino acid residues w ithin 
the binding site. A prerequisite for these studies is the need to obtain 
resonance assignments for the glycan in the bound state. This is not 
trivial since these are are large chemical shift changes on binding in both 
the proton and carbon spectra, together with substantial line broadening,
as can be seen in the ^^C - HSQC spectrum of a 1:1 complex of estrone- 
3_[U_13c ]-glucuronide with Fv (figure 6.1).
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Figure 6.1 HSC^ C spectrum of the Fv/estrone-3-[^^C-U]-glucuroiiide complex in 100
mM phosphate buffer in DjO, showing assignments for the glucuronic acid moiety in the 
bound state. Low molecular weight contaminants are marked
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In view of the large linewidths, which ruled out the application of 
coherence transfer methods based upon couplings, we utilised the
a technique know n as HCCH-COSY originally designed for for the 
resonance assignment of sidechains in proteins (Bax et a/., 1990), which
relies on much larger one bond ^^C-^^C and ^H-^^C couplings. In two- 
dim ensional form , sensitivity  was sufficient to allow resonance 
assignment of C l through C5 non-exchangable protons of the glucuronic 
acid moiety (figure 6.2). These assignments were then utilised in the 
interpretation of a ^^C isotope-edited NOESY experiment on the complex 
(figure 6.3). Crosspeaks in this spectrum corresponding to intra residue 
NOEs were within the glucuronic acid moiety could readily be assigned, 
but however the assignment of inter-residue NOE connectivities was not 
straightforward due to the absence of resonance assignments for the 
steroid moiety in the bound state and for the amino acid sidechains in the 
b ind ing site. In o rder to overcome this difficulty, various NOE 
connectivities to the steroid were therefore simulated in terms of the 
possible bound-state configurations of E3G arising from torsional 
variations about the glycosidic linkage, using a full relaxation matrix 
analysis and an estimate of the rotational correlation time of 15 ns, 
derived by fitting this parameter to the observed ratio of the C5 proton 
diagonal peak and the intra residue C5 - Cl crosspeak intensities. No 
single conformation could be found which satisfied the observed NOE 
connectivities either quantitatively or qualitatively. For example, no 
conformation about the glycosidic linkage of E3G predicted an NOE of the 
observed intensity from the C5 to two other resonances at 6.01 ppm  and 
7.09 ppm  in the isotope-edited NOESY spectrum, assum ing that both 
these resonances derive from the estrone moiety.
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Figure 6.2 NOE-HS<2C spectrum of the Fv/estrone-3-[^^C-U]-glucuronide complex in
100 mM phosphate buffer in DjO, showing the inter-residue NOEs and ligand protein 
NOEs to Tyr 33.
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Figure 6.3 HCCH-COSY spectrum of the Fv/estrone-3-[^^C-U]-glucuronide complex in 100 
mM phosphate buffer in DgO, showing the proton and ^^ C assignments for the glucuronic 
acid moiety in the bound state. Low molecular weight contaminants are marked
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It was therefore surm ised that certain of the observed inter-residue 
connectivities were between the glucuronic acid moiety and protein. 
Clearly either of the resonances at 6.01 and 7.09 could arise from protein, 
but given that these shifts are in the 'aromatic^ region of the proton NMR 
spectrum of proteins, it was assumed that the relevant NOEs were to an 
aromatic sidechain in the binding site. Guidance in this assumption was 
also given by the very large proton resonance shifts of the glucuronic acid 
moiety observed in the bound state in comparison w ith those in the free 
state (table 6.1). Shifts of this magnitude can only arise from ring currents 
(Perkins, 1982), and the particularly large upfield shifts of the C l, C3 and 
C5 protons of the glucuronic acid moiety strongly suggested a stacking 
interaction between the C l, C3 and C5 face and an aromatic sidechain, the 
observed shifts were interpreted in terms of the distance of each proton in 
glucuronic acid from the centre of a simple phenolic ring, using a 
gridsearch and optimisation procedure coupled with the program RCCAL 
(Perkins, 1982) for computation of the solution of the Johnson-Bovey 
equation for the various geometries. The steroid moiety was then added 
to this optimised geometry, and NOEs were simulated for this complex 
for a variety of geometries obtained by varying the torsion angles (|) and \|/ 
independently  in 30° increments. Good qualitative agreem ent was 
obtained between simulated and observed NOEs for a geometry (|),\|/ = 
+30°, +30°, and this geometry was further optimised manually to obtain 
the best quantitative fit with experimental data, giving a predicted bound- 
state conformation of the ligand with (|),\j/ = +45°, +24°. The predicted 
assignm ents and NOE intensities for this complex together w ith 
experimental NOE experimental values are given in table 6.1. It is seen 
that there is generally good agreement between the sim ulated and
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experim ental values.
A tom /A tom  pair Ring Current Shift (ppm) 
Exptl. Theor.
NOE (%) 
Exptl. Theor.
GlcU-Hl 1.51 1.49
GlcU-H2 0.10 0.22
GlcU-H3 0.36 0.47
GlcU-H4 0.38 0.21
GlcU-H5 1.18 1.30
GlcU-H5- G lcU-Hl/H2 10.7 7.3/3.4
G lcU-Hl/H2 - Est-H4' 10.0 9.2/2.8
GlcU-H3 - Est-H4' 1.8 3.6
GlcU-H5 - Est-H4' 4.4 7.6
GlcU-HS - Ar-He4' 3.8 4.3
GlcU-H3 -AR-H84' 2.4 4.2
Table 6.1 Experim ental ring current shifts and NOEs derived from  estrone-3-[U-^^C]- 
glucuronide in complex w ith anti-E3G versus theoretical values from predicted bound state 
conformation show n in figure 6.4.
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Atom /A tom  Pair Ring Current Shift (ppm) 
Exptl. Theor.
NOE (%) 
Exptl. Theor.
GlcU-Hl 1.51 1.34
GlcU-H2 0.10 0.12
GlcU-H3 0.36 0.41
GkU-H4 0.38 0.37
GlcU-H5 1.18 1.15
GlcU-H5 - G lcU-Hl/H2 10.7 7.7/3.0
G lcU-Hl/H2 - Est-H4' 10.0 8.3/2.0
GlcU-H3 - Est-H4' 1.8 2.6
GlcU-H5 - Est-H4' 4.4 5.0
GlcU-H5 - Ar-H84' 3.8 4.2
GlcU-H3 -AR-H84' 2.4 3.2
Table 6.2 Theoretical ring current shifts and NOEs derived from X-ray structure of 
estradiol-3-glucuronide in com plex w ith  anti-E3G versus experim ental va lu es from  
derived from estrone-3-[U-^^C]-glucuronide in complex w ith anti-E3G Fv.
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The above analysis suggest that the resonance at 7.09 ppm  derives from 
an aromatic sidechain, while that at higher field (6.01 ppm) derives from 
the C4' proton of the steroid moiety of E3G. This gives rise to two points 
worthy of note. First, while this particular pair of assignments has been 
obtained indirectly, the reverse assignments do not give rise to a pattern 
of NOE connectivities which are consistent w ith experim ent. For 
example, there is no valid conformation for bound E3G which would 
give rise to a measurable NOE from the C2' proton of the glucuronic acid 
moiety to the aromatic sidechain, since the latter is on the opposing side 
of the sugar ring. Second, on grounds of symmetry, it could be postulated 
that the steroid moiety is rotated by 180° about \j/, and that the NOEs to the 
C4' proton could easily well be attributed to the C2" proton. However, in 
that case, substantial spin-diffusion which occurs at these rotational 
correlation times and relatively long NOESY mixing time would result in 
a measurable NOE to the C l ' proton of the steroid from the C l proton of 
the glucuronic acid moiety for example, yet none is observed. We 
consider the formal possibility that the C l and C2 protons of the steroid 
moiety in the bound state. Clearly a definitive set of assignments in the
bound state could be obtained from E3G ^^C enriched in the steroid 
moiety but this was not feasible on grounds of availability and cost.
It is clear from the above that the bound state conformation of the glycan 
is different from either of the minimum energy structures predicted from 
the dynamical simulated annealing calculations, and it is of value to 
compare the relative energies of these conformations. The relative
energies of the two conformers are 0 kcal.moT^ and 0.2 kcal.moT^ for (|),\|/
= +18°, -84° and (p,\|/ = +28°, +92° respectively, while the relative energy of
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the NMR derived bound state conformation ((j),!]/ = +45°, +24°) = 15.8 
kcal.mol"^. It would appear, therefore, that considerable torsional strain is 
imposed on the glycan in the bound state. However the relative energy of 
the bound state conformation is only a crude estimate, having been 
obtained from a single po in t calculation on the NMR derived 
conformation. In view of the errors inherent in the derivation of this 
conformation, it is very possible that the actual relative energy of the
glycan in the bound state is lower, and 15.8 kcal.mol“  ^ should be 
considered as an upper estimate.
During the course of this work we were made aware of preliminary X-ray 
diffraction data on the complex between anti-E3G Fv and a ligand closely 
related to E3G, namely estradiol-3-glucuronide (S. E. V. Phillips, personal 
communication). It is instructive to compare the architecture of the 
b ind ing  site w ith that p red icted  from the p resen t w ork. The 
crystallographic study reveals that there is is an indeed an aromatic ring 
(from Tyr 33, V^) which stacks w ith the glucuronic acid moiety in the 
predicted manner, and the ligand binds in a similar conformation to that 
predicted with (|),\j/ = +38°, 0° (figure 6.4). The disposition of the sidechain 
of Tyr 33 in the crystal appears to differ somewhat from that in solution. 
However this probability reflects the limited precision of the the ring 
current calculations which, in the absence of structural data in the protein 
were based upon a single aromatic residue. This conclusion is reinforced 
by the fact that the relevant ring current shifts predicted by use of the full 
crystallographic coordinates of the complex are in better agreement with 
experimental data than those derived above (table 6.2), primarily as a 
result of ring current contributions from two additional tyrosine residues
167
in the binding site. Furthermore, NOE simulations involving all protons 
w ithin the vicinity of the binding site from the crystallographic study are 
in better agreement values than those determined above (table 6.2).
Figure 6.4 Comparison of calculated NM R structure of E3G in the bound state w ith  the 
stacked tyrosine residue (A), w ith  the X-Ray structure of a similar antigen in a com plex  
w ith the anti-E3G Fv fragment (B), (C) show s the two structures superim posed.
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6.3 Conclusions
The conformation of E3G in the binding site of the anti-E3G Fv does not 
correspond to either of the two low-energy conformations in solution,
and has an internal energy estimated as 15.8 kcal.mole”^  higher than the 
lowest energy solution confirmation. The reduction in configurational 
energy of the free ligand plus the torsional strain placed on the binding is 
obtained at the expense of the free energy of binding. Since the affinity is 
very high, a substantial contribution to the binding energy m ust derive 
from other favourable interactions. Moreover, since the affinity of estrone 
for anti-E3G Fv is substantially lower than E3G a significant contribution 
to the binding energy must derive from the glucuronic acid moiety. The 
presence of a stacking interaction between an aromatic sidechain and the 
C l, C3, C5 face of the glucuronic acid moiety suggests that the hydrophobic 
interaction might be a dom inant factor driving complex formation, as 
previously suggested by the previous work of Bundle and co-workers on 
the thermodynamics of oligosaccharide binding to a monoclonal antibody 
specific for Salmonella O-antigen (Sigurskjold et ah, 1991; Sigurskjold and 
Bundle 1992). However it is also probable that hydrogen bond formation 
involving the hydroxyl groups of the the glucuronic acid moiety and 
favourable entropie factors from the displacement of bound water in the 
Fv binding site m ight contribute to binding energy. This cannot be 
addressed in the present study, and a deeper insight into the nature of the 
interaction will require detailed thermodynamic analysis of E3G and 
analogues bound  to Fv in com bination w ith  h igh  reso lu tion  
crystallographic and NMR data on the complex. Such studies are in 
progress.
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In the context of rational drug design, the derivation of the bound state 
conformation of a glycan in the absence of structural data on the protein 
receptor is potentially of great value. In the current study the use of of a 
^^C-enriched glycan in combination with isotope-filtration methods has 
been quite successful in realising this goal, as evidenced by the good 
agreement between the predicted conformation of E3G in complex with 
the anti-E3G Fv in comparison w ith the crystal structure in a closely 
related complex. Certain details of the architecture of the binding site 
could also be delineated in the solution study. However, this was highly 
dependent on the fact that significant ring current shifts were measurable 
in the bound state conformation of the ligand. Since carbohydrate protein 
interactions examined to date always involve a stacking interaction with 
an aromatic ring (Cambillau, 1995), ring current shift measurements are 
potentially a very im portant tool for probing carbohydrate-protein 
interactions, particularly in view of the fact that these shifts can be 
detected in systems in the fast exchange regime (Sauter et al., 1989) as well 
as in the slow-exchange regim e observed in this present study. 
Conversely, in circumstances where an aromatic residue is no t implicitly 
involved in glycan binding, it will almost certainly be more difficult to 
define the the disposition of protons in the binding site, even if their 
presence is implicitly more obvious from crosspeaks in isotope-filtered 
NOESY experiments. Under these circumstances it may be difficult to 
define the conformation of the ligand also, since interpretation of intra­
ligand NOEs is very dependent on nearby spins w ithin the protein 
b inding site due to efficient sp in-diffusion in the relatively large 
complexes which are likely to be encountered.
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While these problem s m ight be over come in part by application of 
isotope-filtered rotating frame Overhauser effect measurements which 
are much less sensitive to the effects of spin diffusion, the determination 
of the complex using labelled Fv is likely to provide a much
more detailed picture of the structure and dynamics of the interaction.
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Chapter 7.
H om ology M odelling of Fv E3G and a 
com parison w ith  the X-Ray Crystallographic
Structure
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Abstract
A computer generated model structure of Fv E3G was built using the 
modelling package Homology (Biosym Inc.). This was to assess the validity 
of the modelled structure by comparison w ith the Fv structure obtained by 
X-ray crystallography. A lthough the trace suggested a good correlation 
between the crystal and theoretical structure, closer inspection of the 
binding site, showed a poor correlation with the position of the tyrosine 
residues in the X-ray structure (Tyr32, 33, 105), and with the predicted 
tyrosine residue (Tyr33) position in the NMR structure of the binding site.
7.1 Introduction
As there was not sufficient labelled material for a full structural analysis of 
the protein by NMR, homology modelling allowed a fast m ethod of 
obtaining a model structure of the protein of interest; and w ith the 
subsequent availability of an X-ray crystallographic structure of the Fv 
fragm ent binding a closely related antigen, this w ould prov ide a 
comparison of the two structures and allow the assessment of the validity 
of the m odelled p rotein structure. Several hom ology m odelled Fv 
structures have been published (Eigenbrot et ah, 1993; Padlan and Rabat, 
1988; Smith-Gill et ah 1987) also including those which have a comparison 
w ith an experimentally determined structure (Eigenbrot et ah, 1993; Smith- 
Gill et ah 1987). From the number of available published X-ray and NMR 
s tructu res, those chosen were the structu res that had the highest 
resolution. The Fv fragments all have homologous am ino acid sequences 
and similar numbers of amino acids, identical in the framework regions, 
this makes the alignment of the sequences very obvious. This alignment 
stage is critical because it determines the correspondence between the
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amino acids in the reference proteins and the m odel protein. By 
comparing the structure of the backbone atoms of the reference proteins, 
structurally conserved regions (SCRs) between all the reference can be 
determined, and these coordinates applied to the backbone of the model 
protein. Non-conserved or variable regions (VRs) can be determined by 
searching the protein structu re database to find su itable backbone 
structu res. Once fu rther refinem ents are carried out using norm al 
minim isation and dynamical techniques a model protein structure is 
obtained.
D uring the modelling procedure, to reduce the vast num ber of non­
bonded terms calculated in m odelling a protein of this size a cut off 
distance for these non-bonded parameters was used. The parameter 'cutoff' 
is a point from where any non-bond interactions will be ignored. Simply 
cutting these of at a given point leads to discontinuities in the energy, 
therefore a sw itching function is applied that decreases these interactions 
over a distance ('sw tdis'), where the function is reduced to zero at 'cutdis'. 
This now  allows a m ethod of m odelling that includes non-bonded 
parameters that is not too computationally intense.
7.2 Materials and Methods.
The model of Fv 4155 myc was built using the Homology m odelling 
package (Biosym Technologies Inc.). Three reference Fv fragments were 
used as suitable model proteins. The initial refinement, splice repair, were 
carried out with this package, but subsequent refinements were carried out 
using the DISCOVER modelling package using modified input files that 
were generated from Homology.
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Ten pseudo-random geometries were generated by dynamical quenching: 
The initial minimised structure was subjected to unrestrained dynamics at 
900 K for 50 ps, during which the torsional term (|) was scaled by a factor of 
7 to prevent distorted geometries, w ith a structure written after every 5 ps. 
Simulated annealing was carried out for each model in the following 
manner: The structure was m inimised with a steepest decent algorithm 
until the maximum derivative was less than 1 kcal.Â"^, with (|) scaled by 5; 
then equilibrated with a thermal path by running dynamics successively 
for 1 ps at 900 K, 850 K and in steps of 50 K until a temperature of 300 K and 
then successively for 1 ps in decreasing steps of 10 K. After 1 ps at 10 K a 
further 1 ps at 5 K was followed by minimisation using a steepest All 
minimisations and dynamics were generally run with a dielectric constant 
of 2.0, 'cutoff' of 12.0 Â, a 'cutdis' of 11.0 Â and a 'sw tdis' of 1.5 Â.
7.3 Results and Discussion.
Choice of reference proteins.
Because the protein to be modelled is a murine Fv antibody fragment of an 
immunoglobulin. Fab and Fv fragments could be used as suitable reference 
proteins. The proteins chosen were all Fv fragments as this was thought to 
be the best possible reference. Three Fv fragments from the Brookhaven 
protein data base with the highest resolution and suitable r-values were 
used. The first was a murine IgG Fv fragment with resolution of 1.8 Â and 
an r-value of 0.185. Its code in the Brookhaven database is IVFB (Bhat et 
ah, 1994). The second protein was a murine Fv fragment with resolution of 
1.7 Â and an r-value of 0.166, and its code is IMFA (Zdanov et al., 1994). 
The third reference protein is a hum an IgM Fv fragm ent w ith 2.3 Â 
resolution, an r-value of 0.201 and its code is lIGM (Fan et al, 1992).
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Sequence alignment.
This is a critical part of the of the modelling procedure, an incorrect 
alignment would result in comparing unrelated parts of each protein. 
From the nature of these proteins function, where the diversity in binding 
comes from variability of the CDR regions of the proteins, and the 
fram ework regions of the proteins have well conserved amino acid 
sequences w ith identical numbers of amino acids, the sequence alignment 
is fairly trivial. The protein alignment for the three reference proteins 
along w ith the model protein was carried out using the multiple protein 
alignment module in the 'Hom ology' package (a modification of that 
described by (Schuler et al., 1991). This alignment can be seen in table 7.1.
Assigning structurally conserved regions.
These are determined by comparing the backbone structure of the known 
proteins. The package allows an amino acid backbone chain to be aligned 
w ith the corresponding backbone atoms of one of the other reference 
proteins to be aligned and a root mean square deviation (RMSD) value 
calculated. The superimposition is displayed visually and it can be seen 
easily where the structures begin to be non-com patible structurally. 
Generally an RMSD value below 1.0 Â indicates a structurally conserved 
region. This is done throughout the sequence for all combinations of two 
of the reference proteins so we have a total of three alignments. If a certain 
part of sequence is structurally conserved in all of these comparisons we 
assume that this part of sequence is structurally conserved throughout the 
family and therefore can have coordinates for the backbone atoms assigned 
to it.
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Vl
1 5 1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0
E3 G DIELTQTPPSLPVSLGDQVSISCRSSQSLVSNNRRNYLHW YLQKPGQS PK
VFB D IV LTQ SPA SLSA SV G ETV TITC R A S------------ GNIHNYLAWYQQKQGKSPQ
MFA Q IW T Q -E SA L T T S P G E T V T L T C R SS- -TGTVTSGNHANWVQEKPDHLFT
IGM DIQM TQSPSSLSASVGDRVTITCQAS------------ QDISNYLAWYQQKPGKAPE
5 5  6 0  6 5  7 0  7 5  8 0  8 5  9 0  9 5  1 0 0
E3G LVIYKVSNRFSGVPDRFSGSGSGTDFTLKISRVAAEDLGLYFCSQSSHVP
VFB LLVYYTTTLADGVPSPFSGSGSGTQYSLKINSLQPEDFGSYYCQHFWSTP
MFA GLIGDTNNRAPGVPARFSGSLIGDKAALTITGAQPEDEAIYFCALWSNMW
IGM LRIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYQNLP
1 0 5  1 1 0
E3G LTFGSGTKLEIK
VFB RTFGGGTKLEIK
MFA WIFGGGTKLTVLGQP
IGM LTFGPGTKVDIKRTVAAPSV
V h
1 1 5  1 2 0  1 2 5  1 3 0  1 3 5  1 4 0  1 4 5  1 5 0  1 5 5  1 6 0
E3 G QVQLQESGGGLVNLGGSMTLSCVASGFTFNTYYMSWVRQTPEKTLELVAA
VFB QVQLQESGPGLVAPSQSLSITCTVSGFSLTGYGVWNVRQPPGKGLEWLGM
MFA EVQVQQSGTWARPGASVKMSCKASGYTFTNYWMHWIKQRPGQGLEWIGA
IGM EVHLLESGGNLVQPGGSLRLSCAASGFTFNIFVMSWVRQAPGKGLEWVSG
1 6 5  1 7 0  1 7 5  1 8 0  1 8 5  1 9 0  1 9 5  2 0 0  2 0 5  2 1 0
E3G INSDGEPIYYPDTLKGRVTISRDNAKKTLYLQMS SLNFEDTALYYCAR—
VFB IWGDGNTDY-NSALKSRLSISKDNSKSQVSLKMNSLHTDDTARYYCAR--
MFA IYPGNSATFVRfHKFRAKTKLTAVTSTTTAYMELSSLTSEDSAVYYCAR--
IGM VFGSGGNTDYADAVKGRFTITRDNSKNTLYLGMNSLRAEDTAIYYCAKHR
2 1 5  2 2 0  2 2 5  2 3 0
E3G  LNYAVYGMDYWGQGTTVTVS S
VFB - - ERDYRLDYWGQGTTLTVS
MFA -GGHGYYDGYWGQGASLTVS
IGM VSYVLTGFDSWGQGTLVTVSSGSASAPTL
Table 7.1 Fv E3G amino acid sequence alignment w ith other Fv fragments used in hom ology  
m odelling (numbers refer only to m odel protein: Fv E3G).
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Assigning coordinates to the SCRs of the model protein.
The coordinates are assigned by assigning backbone coordinates of the 
model protein to those of a particular SCR of a reference protein which has 
the best sequence alignment to the model protein. To do this the three 
reference proteins must be superimposed upon one another, then each of 
the SCRs in the model protein sequence aligned with the corresponding 
reference protein. Using the mutation scoring matrix alignment method, 
in the Homology package, a score is given for each alignment. The model 
protein SCR then has its backbone coordinates assigned to that of the SCR 
of the reference protein with the best sequence similarity. This is carried 
out for all SCRs (table 7.2). The model protein now has coordinates 
assigned for all the backbone atoms of its SCRs.
Assigning variable region (VR) coordinates.
The loop or variable regions of the model protein (table 7.2) do not show 
any structural homology to the reference proteins and therefore can not be 
inferred from the coordinates of these proteins. These coordinates are 
obtained by searching proteins in the database for structures of the required 
length that would fit properly into the model protein between the two 
SCRs. The program gives ten best options w ith the best overall values for 
RMSD between the model and database proteins in the linking, or preflex 
and postflex peptide segments. These regions could be built into the 
structure and minimised, but this is only seen as an alternative if no 
suitable loops could be found from the first procedure. In each case suitable 
loops were found and the one with the lowest RMSD value was chosen as 
the backbone coordinates to which the model protein loop w ould be 
assigned. These results are displayed in table 7.2.
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Structurally Conserved Regions.
SCR No. amino acids SCR No. amino acids
Vl Vh
1. 2-6 1 114-118
2. 8-26 2. 129-132
3. 38-46 3. 143-151
4. 50-70 4. 156-164
5. 76-93 5. 173-195
6. 102-110 6. 196-210
7. 219-230
Variable Regions 
VR No. amino acids RMSD (Â) VR No amino acids. RMSD (Â)
V l
1. 7 0.506
V h
1 119-128 0.348
2. 25-37 0.566 2. 133-142 0.329
3. 47-49 0.513 3. 152-155 0.808
4. 71-75 0.480 4. 165-172 0.769
5. 94-101 0.287 5. 211-218 0.707
Table 7.2 List of structurally conserved and variable regions for both light and heavy 
chains. VR regions show rms deviation of post- and pre-flex regions of the chosen loop in
comparison to that of modelled protein.
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Now backbone assignments have been made for all the amino acids in the 
model protein except for the ends of the chains that are not already defined 
in a structurally conserved region. These are assigned using the end 
assignment protocol in the Homology modelling package.
Homology modelled Fv fragment structure refinement.
Now all the backbone atoms have been assigned for the model protein, 
these can not be considered as final positions. Since the model has been 
built from several different proteins the splice or junction points between 
the segm ents may no t be sm ooth, although precautions such as 
superimposing all the reference proteins before assigning coordinates and 
all loops are superimposed in the tail region before assignment, there is no 
guarantee that the peptide bonds between these sections w ill be of the 
proper length or have the correct trans configuration. Another problem is 
the coordinates of the side chains. These can be inferred from the backbone 
atoms but since the backbone coordinates come from segments of different 
sequence there may be overlap problems w ith the side chains of the amino 
acids of the model protein in this inferred geometry. Therefore several 
modelling and energy minimisation routines will be needed to refine the 
structure. These minimisations can be carried out using the DISCOVER 
molecular modelling package of which the homology package creates 
suitable input files to carry out the necessary refinements. These files were 
edited to make them suitable for modelling Fv fragments as described in 
section 7.2.
Splice repair.
The homology package was used to generate the necessary files for a 
DISCOVER energy minimisation. This calculation fixes all the amino acids
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not involved in joining to separate segments, but forces the peptide bonds 
between segments trans (180 °), and to the correct length, then minimised.
Steric overlap.
Due to the problem s of superim posing side chain coordinates to the 
backbone coordinates obtained from a protein with a different amino acid 
sequence it is likely that several side chains will have van der Waal's 
overlap with other side chains. These overlaps were relieved by an energy 
m inimisation where all the backbone atoms were held in position but 
w here all the side chain atoms were free to move in the energy 
minimisation, firstly with a less stringent overlap value of 0.8 then a more 
stringent value of 0.4. This value is the minimum distance between atoms 
during initialisation of a DISCOVER run.
Variable region minimisation.
The variable region coordinates were taken directly from proteins in the 
database. The structure of these loops could be highly influenced by the 
position of other parts of the protein from which that particular variable 
region was obtained. For this reason an energy m inim isation was 
performed on the model protein, where the variable regions atoms were 
allowed the freedom to find the minimum energy conformation in the 
context of the model protein, but all atoms remained fixed.
Modelling of binding site of Fv E3G.
An attempt to determine the amino acid residues involved in binding the 
E3G antigen was made using the program GRID. This program probes the 
surface of the molecule with different functional groups, and from the 
outpu t an electrostatic map can be d raw n which shows the m ost
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favourable sites of binding. This was tried with the COO", phenyl and CHg 
groups which are all p resent in the antigen. These results proved 
inconclusive, with no specific points of binding found for any of the above 
groups.
Comparison of Homology modelled structure with X-ray crystallography 
data.
As for the previous chapter the preliminary X-ray crystallography data for 
the complex of the recombinant protein bound to estriol glucuronide 
could be used to assess the validity of the modelled protein. Unfortunately 
there is no similar data for the protein in the unbound state, which would 
p rovide a m uch better reference point for a com parison w ith the 
homology structure. To make a valid comparison, the Fv-E3G complex was 
modelled using the final homology structure with E3G in the position 
predicted by the X-ray crystallography data, and using the bound 
conformation of E3G predicted by NMR. From this generated complex, the 
SCR backbone atoms and the E3G atoms were fixed. The molecule was 
used to generate 10 pseudo random structures, which were minimised by
dynamical simulated annealing, the C“ trace of the 10 protein structures 
are shown in figure 7.1. These show that the structures align very well in 
the SCRs and in the 3 variable regions involved in binding the Fv 
fragment VR4; VR2 and VR5, but in other regions there is a large 
diversity: VRl and VR3 and VR4.
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Figure 7.1 Stereo diagram of traces from dynamical simulated annealing of E3G anti E3G 
Fv complex (amino acid numbers shown for orientation).
When comparing the minimum energy structure with the X-ray protein 
structure (figure 7.2), superimposition of the two C“ traces gives an RMSD 
value of 3.085 Â. By inspection the result matches the crystal structure 
reasonably, although there is a lack of homology for V y VR3 and VR4. 
Importantly the areas of the modelled structure most directly affected by 
the inclusion of the antigen match well with the experimental structure. 
But because of the conserved nature of Fv structures this is not surprising 
and does not give much valuable information.
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Figure 7.2 Comparison of trace of lowest energy annealed structure with X-ray crystal
structure C“ trace
A much better comparison would be to compare the amino acids directly 
involved in binding the E3G, especially the tyrosines involved in binding 
of the glucuronic acid moiety. This would allow a direct comparison w ith 
the NMR structure obtained in chapter 6, and give insight into the relative 
validity of the structure obtained relative to both the NMR and X-ray 
structures, allow ing back calculation of NOEs and ring current shifts. 
F igure 7.3 shows the 10 annealed structures and the Fv structure 
superim posed on the glucuronic acid moiety, and for each protein 
structure residues 144,145 and 213 are displayed, for the X-ray structure 
these are equivalent to H32, H33 and HlOl. It can easily be seen from this 
figure that the m odelled structu res do not match the experimental 
structure, and from the position of residue 144 (Tyr33) it is obvious the 
calculated ring current shifts would bear no relation to experimental 
values. It is obvious that this approach is not adequate for obtaining an 
accurate protein structure.
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Figure 7.3 Comparison of binding sites for the annealed protein structures (red)with the X- 
ray crystal structure. Amino acids are numbered for the X-ray structures and the 
corresponding amino acid side chains for the modelled structures are shown as follows: 32, 
magenta; 33, blue; and 101, cyan.
7.4 Conclusions
By using the Homology modelling package it has been possible to obtain a 
protein structure for the Fv fragment without relying on any structural 
data obtained experimentally. In comparing the C" traces of the minimum 
energy annealed structure and the X-ray structure of the Fv fragment 
binding a closely related antigen, a relatively good agreement is obtained 
with good agreement in secondary structure. Obviously the use of database 
segments of structures will give more valid structure than that on pure 
theoretical structure.
A theoretical calculation of the binding site tyrosine side chains was 
attempted. This could prove as a useful comparison to both X-ray and 
NMR derived structural information. Firstly a suitable binding site was 
not found purely from theoretical means, and secondly a poor correlation 
of the position of the tyrosine side chains involved in binding between
185
the X-ray and theoretical structures was found. As there was a good range 
of starting geometries from the pseudo-random  structures, and these 
minimised in each case to either one or two families, it would seem the 
theoretical calculations are incapable of providing an accurate nature of the 
binding site. Therefore, if the suitable binding site had been found 
theoretically, it would appear that the predicted theoretical structure would 
still be incorrect. This would suggest that in this case some experimental 
evidence of the binding site would have to be attained in order to produce 
a valid structure. For example the Fv fragment with labelled tyrosine 
residues (with NMR assignments and constraints) would allow a more 
accurate NMR structure of the binding site. Work on a fully labelled Fv 
fragment produced in yeast is now being undertaken in the laboratory.
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